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The symbiotic gut bacteria of fish: dynamics of diet, physiology, and the 
environment 
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The ability for an organism to extract energy from its environment is 
central to its survival, reproduction and fitness. In addition to traits within the host 
that directly influence digestion, such as intestinal physiology and morphology, an 
animal’s gut bacterial constituents can also strongly influence its digestive 
capabilities. In fact, bacterial communities that live in and on an organism can 
strongly influence the host’s condition and fitness. Although fish are the most 
diverse vertebrate group, little is known about their microbial constituents or how 
they impact their physiology, ecology and evolution, and likewise, how fish affect 
the bacteria in their environment. To explore factors that shape fish bacterial 
communities, I investigated the variation in gut bacteria across fish species and 
populations. Through a meta-analysis of gut bacteria from diverse fish hosts, 
patterns of variation in response to alterations in diet, trophic level, and habitat 
were apparent from the 18 fish species included in the analysis. After focusing on 
a broad array of fish taxa, I concentrated on the Trinidadian guppy, Poecilia 
reticulata, which serves as a model system for evolutionary biology. I 
investigated the composition of guppy gut microbial communities as well as other 
elements of their digestive physiology that may affect their ability to extract 
energy from their environment. Through field surveys and a dietary manipulation, 
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I found that populations of guppies differ in digestive traits, including digestive 
enzymatic profiles and gut morphology. The bacterial communities in guppies 
appeared to be largely divided by stream of origin, but because bacteria found in 
guppy guts were distinct from the bacteria in their environment, they appear to be 
driven, in part, by guppy population background. Finally, I expanded my 
investigation to examine how fish influence the community structure of bacteria 
in their environment. Using the threespine stickleback (Gasterosteus aculeatus) 
from lake and stream habitats in Switzerland, I explored how their presence and 
population background affect the structure of the bacterial communities in their 
experimental mesocosms. I also explored whether the effect of population 
background on environmental bacterial community structure is subject to 
plasticity due to the diet upon which they were reared. I found that the presence of 
fish strongly shapes the microbes that are present in their environment as well as 
their abundance. Additionally, the interaction of rearing diet and fish population 
background can also influence bacteria present in the mesocosms. The results 
from this dissertation show how fish ecology and environmental factors interact to 
shape the communities of gut bacteria in fish, and how fish can also influence the 
bacteria in their environment. This work is a key step to establish how bacterial 
communities are structured in fish and in their aquatic environments. It also lays 
the groundwork for future studies on the functional contributions of bacteria to 
fish ecology, which should lead to a better understanding of how fish interact with 
their environments.  
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INTRODUCTION 
 
General introduction: 
 The nutritional ecology of animals directly affects their life history traits, 
which have important consequences on their survival, reproduction and evolution 
(Boggs 2009). Factors that constrain the ability of organisms to acquire energy 
from the environment and grow include external components such as temperature, 
population density, predation pressure and resource and nutrient availability as 
well as internal physiological traits such as hormonal inputs, digestive enzymes, 
and gut bacteria (Dmitriew 2011; Elser et al. 2000; Karasov & Martinez del Rio 
2007; Karasov et al. 2011). Establishing how these various factors interact with 
each other in natural populations is essential to understand how animals adapt to 
their environment.  
The gut bacterial community composition within an organism is 
increasingly recognized to be an essential component of an animal’s overall 
biology (McFall-Ngai et al. 2013). Because microbial cells within the bodies of 
organisms are thought to far outnumber cells of their host (Zilber-Rosenberg & 
Rosenberg 2008), they may provide additional genetic material associated with 
the host on which selection can act. Newer high throughput sequencing 
technology has made these previously elusive organisms much easier to study on 
a larger scale. The rapidly changing technology has also opened up avenues of 
inquiry that would have been much more costly and time-consuming to pursue – 
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even half of a decade ago. Now, it is easier to pursue ecologically relevant 
questions regarding the involvement of microbes in various biological processes. 
The increased availability of such technology and concurrent interest in 
using ecological and evolutionary lenses to explore microbial associates has 
ushered in a new era of quantifying and exploring patterns of microbial diversity 
in animals. A number of pivotal papers on mammalian gut bacteria within the last 
decade have motivated new research into gut microbial communities. In 
particular, Ley and colleagues made significant contributions to the field in which 
they described human gut microbial communities in terms of selective forces that 
shape them (Ley et al. 2006). They also suggested that observed patterns are 
related to co-diversification among mammals and their gut bacteria (Ley et al. 
2008a; Ley et al. 2008b). Ochman and colleagues provide support for this concept 
by showing that gut microbiota of great ape species is phylogenetically conserved 
and consistent with vertical inheritance (Ochman et al. 2010). Such studies 
indicate that there are evolutionary and ecological relationships among gut 
bacteria and their hosts, and additionally, several other studies showed that 
variation in gut microbes could alter host metabolism and fat storage (Bäckhed et 
al. 2004; Turnbaugh et al. 2006), potentially impacting the health and fitness of 
their hosts. 
In addition to the work on mammals, bacteria have also been studied more 
extensively in insects, particularly obligate endosymbiotic bacteria that live in 
specialized cells that have evolved to accommodate them in certain insects, such 
as aphids (Moran & Baumann 2000).  Microbes such as Buchnera that are 
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essential for the host’s biology have had a reduction in their genome size overtime 
as a consequence of the tight association with their hosts (Moran et al. 2008). 
Such reductions in genome size of bacterial symbionts are due to prolonged, tight 
associations between them and their host over evolutionary time. 
 Not all bacteria found in animals have such an intimate, persistent 
relationship with their host as seen in obligate bacterial symbionts of insects, yet 
even those that do not can still impact their hosts’ biology. For example, host 
associated gut bacterial communities that are horizontally acquired have been 
shown to have fundamental roles in immune development, gut epithelia 
proliferation and even brain development (Bates et al. 2006; Heijtz et al. 2011). 
Such studies have used germ free organisms to show that host biology can be 
severely impacted in the absence of bacteria (Bäckhed et al. 2004; Heijtz et al. 
2011; Rawls et al. 2004). Therefore, it is important to elucidate the factors that 
select for bacterial species within communities and determine how the consortia 
interact with the fitness of their hosts.  
As previously mentioned, much of the pioneering research into the field of 
gut bacteria was conducted in insects and mammals. This is mostly likely, in part, 
due to the applicability of mammalian finding to human health and disease 
(Clemente et al. 2012), and because certain insects are significant pests to humans 
motivating the research of their biology, including their symbiotic bacteria. Such 
research has reveal that symbiotic bacteria within insects crucial biological roles, 
such as lignocellulose digestion in termite gut (Breznak & Brune 1994). More 
recently, research on animal associated bacterial communities has begun to 
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investigate a much broader range of taxa, such as amphibians and hydra 
(Franzenburg et al. 2013a; Kohl et al. 2013). When I was beginning my 
dissertation research, however, much of the fish literature regarding gut bacterial 
communities relied on older technologies and were largely focused on species of 
importance to aquaculture (Ringø et al. 2006; Spanggaard et al. 2000) or on 
marine herbivores that clearly use bacteria for hindgut fermentation (Clements & 
Choat 1995; Clements et al. 2009). Therefore, many basic questions regarding the 
structuring of bacterial communities within fish guts and how they might 
influence the adaptive dynamics of fish were unanswered.  
 
Focus on fish: 
 Fish can serve as keystone species within an ecosystem and greatly affect 
nutrient processing and various ecosystem dynamics. Because of their central role 
in the environment, it is important to understand how fish interact and adapt to 
their environments. The way in which fish can adjust to changes in resource 
availability could ultimately impact their ability to utilize dietary items, compete 
with other animals, and, potentially, influence nutrient cycling. The main 
questions in my dissertation are 1) How do the diet, phylogeny and ecology of 
fish species shape their gut microbial communities? 2) How does the environment 
interact with fish gut microbial communities? And 3) does fish ecology feed back 
to affect the microbes in the environment? 
 My chapters pursue various avenues of research in an attempt to answer 
the aforementioned questions, including a meta-analysis, field surveys and 
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experimental manipulations. The first chapter consists of a meta-analysis of fish 
bacteria, which I conducted to better understand and synthesize available data 
regarding fish gut bacterial communities. In this analysis, I focus on ecological 
and environmental factors, such as level of salinity and fish trophic ecology to 
determine how they might shape fish bacterial community composition. The 
second chapter explores additional gut traits, aside from bacteria, that may reflect 
the adaptation of fish to different trophic niches. This chapter explores intestinal 
length and enzyme activity to see how they diverge between populations of 
Trinidadian guppies, Poecilia reticulata, that appear to consume different diets in 
nature (Zandonà et al. 2011). In the third chapter, I explore whether the 
populations of Trinidadian guppies, which were found to exhibit digestive trait 
differences in chapter two, also have differences in their gut microbial community 
composition. Finally, in the fourth chapter, I take another departure from bacteria 
inside of fish, and explore how fish, and their population backgrounds, may 
influence the bacteria in their environment. 
 The aim of my thesis is to interweave concepts regarding symbiotic 
bacteria, the ecology and evolution of fish, and how they interact with their 
environment to answer basic question regarding the structuring of bacterial 
communities. This work should provide new insights for the well-established 
Trinidadian guppy system, as well as numerous other fish species with various 
trophic niches and yield a better understanding of how fish ecology interacts with 
bacteria and their environment. 
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CHAPTER 1: ENVIRONMENTAL AND ECOLOGICAL FACTORS THAT SHAPE THE 
GUT BACTERIAL COMMUNITIES OF FISH: A META-ANALYSIS 
 
Abstract 
 Symbiotic bacteria often help their hosts acquire nutrients from their diet, 
showing trends of coevolution and independent acquisition by hosts from the 
same trophic levels. While these trends hint at important roles for biotic factors, 
the effects of the abiotic environment on symbiotic community composition 
remain comparably understudied. In this investigation, we examined the influence 
of abiotic and biotic factors on the gut bacterial communities of fish from 
different taxa, trophic levels, and habitats. Phylogenetic and statistical analyses of 
25 16S rRNA libraries revealed that salinity, trophic level, and possibly host 
phylogeny shape the composition of fish gut bacteria. When analyzed alongside 
bacterial communities from other environments, fish gut communities typically 
clustered with gut communities from mammals and insects. Similar consideration 
of individual phylotypes (vs. communities) revealed evolutionary ties between 
fish gut microbes and symbionts of animals, as many of the bacteria from the guts 
of herbivorous fish were closely related to those from mammals. Our results 
indicate that fish harbor more specialized gut communities than previously 
recognized. They also highlight a trend of convergent acquisition of similar 
bacterial communities by fish and mammals, raising the possibility that fish were 
the first to evolve symbioses resembling those found among extant gut fermenting 
mammals. 
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Introduction 
 Although bacteria are ubiquitous across all life-sustaining habitats on 
Earth, different types of environments harbor strikingly different bacterial 
communities. Previous analyses have focused on factors such as salinity 
(Lozupone & Knight 2007), pH (Chu et al. 2010; Fierer & Jackson 2006), 
seasonality (Gilbert et al. 2009; Gilbert et al. 2011) and ecological interactions 
(Steele et al. 2011) as major factors determining the composition of free-living 
communities. Bacteria not only exist in such “external” environments, but also 
associate with eukaryotic hosts. Many of these symbiotic (i.e. intimately host-
associated) microbes form specific and occasionally obligate interactions with 
hosts including macroalgae, (Lachnit et al. 2010), insects (Moran et al. 2008) and 
primates (Yildirim et al. 2010). Other symbiotic bacteria, such as rhizobia and V. 
fischeri, show less dependent associations, multiplying freely in the environment 
while also colonizing plant or animal hosts when the opportunity arises (Fraysse 
et al. 2003; McFall-Ngai & Ruby 1991). 
 Although the composition of bacterial communities is strongly determined 
by properties of the external environments in which they are found (Fierer & 
Jackson 2006), the “environments” provided by eukaryotic hosts are also largely 
impacted by the microbes that colonize them. For example, gut bacteria often 
promote nutritional provisioning and nitrogen recycling for their hosts (Douglas 
1998; Sabree et al. 2009). In the vertebrate gut, bacteria play important 
physiological roles, influencing metabolic processes such as the digestion of 
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complex carbohydrates (Turnbaugh et al. 2006) and the regulation of fat storage 
(Bäckhed et al. 2004).  
 Most studies of vertebrate gut communities have focused on mammals, 
which comprise fewer than 10% of total vertebrate diversity. Far fewer have 
emphasized fish, which originated over 600 million years ago, and encompass 
approximately 28,000 extant species (Nelson 2006) — nearly half the total 
number of vertebrate species. The antiquity, diversity, and dietary variation of fish 
highlight the need for their inclusion as we attempt to quantify the variety and 
nature of symbioses exhibited across the vertebrate tree of life.  
In expanding the range of studied vertebrate gut communities, of 
particular interest are questions about the range of environmental, ecological, and 
evolutionary factors that shape gut microbial communities, and the functions 
these communities can perform. For instance, similar gut communities are found 
among phylogenetically related mammals, and among mammals with similar diets 
(Ley et al. 2008a; Ley et al. 2008b; Muegge et al. 2011). Do the same 
relationships occur in fish, despite their substantial differences from mammals? 
Although several publications have reported on the types of bacteria associated 
with fish guts, the scope of their analyses has generally been narrow, with the 
exception of a recent effort by Roeselers and colleagues (2011). In this study, the 
authors suggest that the host gut is a selective environment based on their finding 
that zebrafish with different origins harbored a stable, core gut microbiome. In 
addition to their focus on zebrafish bacteria, the authors also analyzed previously 
studied gut communities from other fish species, observing similarities among 
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those found in related fish from the same order. Both findings are fascinating and 
suggest specialized and potentially coevolved associations between fish and their 
gut bacteria. However, as was the case for this study, few statistical analyses have 
been performed to assess how gut communities are shaped by environmental and 
ecological factors. As such, the forces responsible for structuring these microbial 
menageries remain to be established. 
 To address these shortcomings, we performed a meta-analysis of 16S 
rRNA gene sequence data from fourteen published and two unpublished datasets 
on teleost gut communities, and a new dataset from the Trinidadian guppy, 
Poecilia reticulata, generated in this study. By examining the taxonomic and 
phylogenetic similarity among gut bacteria of fish from different habitats, trophic 
levels, and taxa, we investigated the factors that shape these communities. 
Because of the central roles microbes can play in digestive processes, we 
expected that fish with similar diets, especially those that are nutrient-poor or 
difficult to digest, have been selected to harbor similar bacterial communities with 
similar functional capacities. We also expected, a priori, that microbes would 
differ notably among freshwater and marine fish based on previous findings that 
free-living bacterial communities from saline and non-saline communities differ 
substantially (Lozupone & Knight 2007). To provide a broader perspective on fish 
gut bacteria, we also compared these communities to those from other vertebrate 
guts, non-vertebrate eukaryotes, and free-living habitats. Our results, therefore, 
not only provide the some of the first insights into the forces that structure fish gut 
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communities, but they also illustrate their affinities to symbiotic and free-living 
communities from a wide range of natural environments. 
 
Methods 
Sequence Acquisition 
 All fish gut bacterial 16S rRNA sequences were obtained from GenBank 
except for the guppy (Poecilia reticulata) library, which were generated through 
cloning and sequencing (See Supporting Information for details). All non-guppy 
datasets were identified through Entrez queries using targeted search terms, or 
through a review of the published literature on fish and their gut microbes. 
Sequences from each of these studies had been similarly generated via Sanger 
sequencing from PCR products that were amplified with “universal” bacterial 
primers as stated by the authors of the studies, Within a particular study, all 
sequences from one fish species were counted as a single library when acquired 
by the same method (i.e. culture-dependent or culture-independent techniques). 
However, in cases where the study specified that individuals came from different 
fish populations, sequences from separate populations were analyzed separately as 
distinct libraries (exceptions are noted in Supporting Information).  
 
Sequence Analysis: comparing bacterial communities 
 To pre-process our dataset for analysis, we excluded sequences that: 1) 
were shorter than 200 bp, 2) had over 10% of the sequence length composed of 
ambiguous nucleotides, 3) belonged to libraries with less than 15 sequences, or 4) 
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were derived from chloroplasts, as assessed by the RDP classifier tool (Wang et 
al. 2007). The remaining sequences, partitioned by library, were aligned using 
Infernal within RDP (Cole et al. 2009; Nawrocki et al. 2009). 
A distance matrix was created from the RDP alignment for each library 
using PAUP with the HKY85 model of sequence evolution (Swofford 2006). The 
sequences within each library were grouped into OTUs based on 3% sequence 
divergence using the furthest neighbor algorithm in Mothur versions 1.8.0 or later 
(Schloss et al. 2009). Due to heterogeneity in the regions of 16S rRNA sampled 
for different sequence reads, we only utilized sequences greater than 750 bp from 
the Pomacanthus sextriatus library, thus yielding sufficient sequence overlap for 
distance calculations. This led to the exclusion of 59 out of the 228 eubacterial 
sequence reads from this library. The get.oturep command in Mothur was used to 
select representative sequences for each OTU. A total of 1054 representative 
sequences were used for all subsequent analyses. The mean length of 
representative sequences was 1135 bp, the median was 1340 bp, and only 1.5% of 
the representative sequences were shorter than 500 bp.  
Because a number of authors deposited only representative sequences into 
NCBI, all of our remaining analyses exclusively utilized these representative 97% 
OTU sequences, except where noted. These analyses thus allow comparisons of 
OTU presence/absence across the studied libraries using qualitative metrics of 
community similarity, but cannot be used for analyses with quantitative metrics. 
Based on the criteria laid out previously (Stackebrandt & Goebel 1994), 
comparisons between gut communities using OTUs of up to 3% divergence reveal 
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differences in species composition, although this definition is an approximation 
and has many well-known exceptions. 
Representative sequences were aligned in GreenGenes NAST server 
(DeSantis et al. 2006) and the Lane mask (Lane 1991) was applied to exclude the 
hypervariable regions of the 16S rRNA gene that cause problems for phylogenetic 
analysis. Before running our phylogenetic analyses on fish associated microbes 
(Fish Dataset), all sequences assigned to a bacterial phylum with ≥ 80% bootstrap 
support (using RDP Classifier) were constrained to group into monophyletic, 
phylum-specific clades. A de novo phylogenetic tree of representative sequences 
was created using RAxML 7.2.7 Black Box on the CIPRES web portal (Miller et 
al. 2010). This tree was rooted with an archaeabacterial sequence with the 
accession number: FJ655681. We then used Fast UniFrac (Hamady et al. 2009) to 
investigate differences among bacterial communities from different fish. This web 
application calculated the UniFrac distance based on the percentage of unique 
phylogenetic branch length amongst all pairs of gut communities, thus inferring 
the extent of phylogenetic overlap between communities from each host 
(Lozupone et al. 2006; Lozupone & Knight 2005).  
To better understand the forces that shape fish gut communities, all fish 
hosts were assigned to the appropriate trophic level (herbivorous, omnivorous, or 
carnivorous), habitat (freshwater, mixed/estuarine, marine), and taxon (at the level 
of order) based on published literature (Table 1-1). The unweighted UniFrac 
phylogenetic distance metric was then analyzed using a principal coordinates 
analysis (PCoA), allowing us to assess microbial community differences across 
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fish from these various categories. For this analysis, some of the salmonid 
species, which are anadromous, were placed with freshwater fish since they had 
been reared in or collected from a freshwater environment.  
 We also wished to evaluate these fish gut bacterial communities within the 
broader context of host-associated and free-living bacterial communities. In order 
to do this, we added these samples to a previously described dataset that included 
99,801 non-redundant 16S rRNA sequences from 464 samples compiled from 181 
published studies (Ley et al. 2008b). This dataset included diverse free-living 
(e.g. freshwater, saltwater, soils, etc.) and host-associated (e.g. mammals, insects, 
etc.) bacterial assemblages (Broad Dataset). The parsimony insertion tool in ARB 
was used to build a phylogenetic tree (Ludwig et al. 2004), providing us with a 
much faster and more feasible means for phylogenetic analysis than that used for 
our other datasets. Unweighted UniFrac distances were used for the principal 
coordinates analysis. 
 
Statistics 
We hypothesized that fish with similar habitats and diets would harbor 
similar microbial communities (by analogy to free-living communities and to 
mammalian gut microbiota). Therefore, we predicted smaller UniFrac distances 
for comparisons between fish libraries from the same habitats and trophic levels 
(versus those from different groups). We tested this prediction using t-tests that 
compared distances within to those between fish libraries in different groups 
based on the UniFrac distances derived from the RaxML de novo tree. Because 
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the distances are not independently distributed, we used Monte Carlo simulation 
(5 x 105 simulated datasets) to estimate distribution under the null hypothesis for 
each comparison (Edgington 1990; Skroch & Nienhuis 1995). Simulations were 
performed using MATLAB version 7.11 (Mathworks Inc., Natick, MA, USA). 
The Monte Carlo resampling simulations were performed on all the fish libraries.  
Separate multivariate analyses of variance (MANOVAs) were run on the 
first three PCoA vectors across all fish libraries, and separately for the culture-
independent libraries alone, to determine whether fish habitat, order, rearing 
environment or diet had a significant association with the PCoA axes for each 
dataset (Table 1-2). If the MANOVAs showed that fish from different groups had 
significantly different PCoA values, the results of each univariate analysis of 
variance (ANOVA) were shown for the first three PCoA vectors. This helped to 
illustrate which axis or axes drove the differences visible in the PCoA plots. In 
order to compare percent composition of representative sequences within fish 
libraries, the data were arc sin transformed prior to the ANOVA analysis. All 
MANOVA and ANOVA statistics to compare PCoAs were run on SPSS 18 
(SPSS Inc., Chicago, IL, USA) and were analyzed according to Pillai’s Trace as 
the test statistic.  
 
Sequence Analysis: identifying lifestyles of related bacteria 
To determine how fish gut bacteria are related to those from other 
environments, we performed BLASTn searches against the nr/nt database. 
Sequences of the top BLASTn hits for each representative OTU in our dataset 
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were downloaded and aligned with our representative OTU sequences using 
Infernal within RDP (Cole et al. 2009; Nawrocki et al. 2009). The aligned dataset 
was then used for a phylogenetic analysis, performed with RAxML 7.2.7 Black 
Box on the CIPRES web portal (Miller et al. 2010). No Lane mask was performed 
for this analysis since its goal was to decipher relationships among close 
relatives—discarding hypervariable regions would have, therefore, eliminated 
sequence data most valuable for this aim. 
The generated phylogeny was uploaded to iTOL (Letunic & Bork 2007), 
along with an environmental dataset that was used to facilitate visualization of the 
tree and classification of OTUs to clades with particular characteristics. In 
essence, each fish gut-associated sequence and each BLASTn hit was assigned to 
one of the following source environments: fish gut, fish (for sequences derived 
from unspecified organs or body parts other than the gut), mammalian gut, 
mammalian (for sequences derived from unspecified organs or body parts other 
than the gut), other animal, plant, environmental, artificial (deriving from a man-
made or heavily altered habitat), or unspecified. Branches were color coded to 
reveal the source habitat category and the tree was subsequently examined, 
branch-by-branch, to determine the typical source habitats for the relatives of the 
studied fish gut bacteria.  
Common clustering of fish gut phylotypes from our meta-analysis with 
free-living, aquatic phylotypes would suggest that fish gut bacteria reflect 
communities from their surrounding environment (and perhaps exchange 
frequently with these communities). In contrast, if fish gut phylotypes cluster with 
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phylotypes from other fish or other vertebrates, we would conclude that fish 
harbor bacteria long-adapted for a symbiotic lifestyle. To quantify these trends, 
we identified clades containing the fish gut bacteria, examining the lifestyles and 
isolation sources of other microbes within these groups (Appendix A, Table S1). 
Each sequence from our meta-analysis was then classified into one of fourteen 
categories based on the habitats colonized by relatives within their respective 
clades (Table 1-3). After classifying all fish sequences in this manner, a bar graph 
was constructed to illustrate the category assignments for representative OTU 
sequences from each library. In doing so, we illustrated the typical lifestyles of 
the closest relatives to fish gut bacteria, shedding light on the origins of the 
microbial species that colonize the guts of the studied fish. 
 
 
Results 
 We obtained a total of 5,199 sequences from 25 GenBank libraries, and 
generated one guppy library of 112 sequences for this study. A total of 1,054 
representative sequences were selected from all of these libraries, with each 
serving as a unique representative of each 97% OTU group per host population 
(Table 1-2). Of the representative sequences, the dominant phylum was the 
Proteobacteria (Figure 1-1), revealing that most species of fish gut bacteria are 
from this particular taxon as previously demonstrated (Rawls et al. 2006; see 
Nayak 2010 for review). The phyla found in fish guts, and their mean prevalence 
(i.e. # of representative species for 97% OTU groups) within each library were: 
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Proteobacteria (62.51%), Firmicutes (15.2%), Bacteroidetes (6.04%), 
Actinobacteria (3.70%), Fusobacteria (2.88%), Planctomycetes (2.68%), 
Tenericutes (1.88%), Cyanobacteria (0.57%), Verrucomicrobia (0.45%), 
Spirochaetes (0.25%), TM7 (0.25%), Lentisphaerae (0.15%), Synergistetes 
(0.12%), Acidobacteria (0.11%), OP10 (0.07%), Chloroflexi (0.03%), and 
Nitrospira (0.03%). 
 When representative bacteria were classified into orders, a strong 
distinction emerged among fish from saltwater versus freshwater habitats (Figure 
1-1). Specifically, freshwater fish harbored a greater proportion of 
Aeromonadales (2-tailed t test, p = 0.000) and Enterobacteriales (2-tailed t test, p 
= 0.000) species, while marine fish communities consisted of higher proportions 
of species from the Vibrionales (2-tailed t test, p = 0.018). Among trophic levels, 
the herbivorous fish were enriched with Clostridiales (ANOVA, p = 0.005), 
Bacteroidales (ANOVA, p = 0.000), and Verrucomicrobiales (ANOVA, p = 
0.003) while omnivorous fish were enriched for species from the Rhizobiales 
(ANOVA, p = 0.019), Fusobacteriales (ANOVA, p = 0.042), and 
Planctomycetales (ANOVA, p = 0.008). Both carnivores and omnivores tended to 
have more Desulfovibrionales (ANOVA, p = 0.036) and Aeromonadales 
(ANOVA, p = 0.020).  
These patterns were also generally consistent with the composition of 
culture-independent libraries from a subset of the analyzed fish for which OTU-
abundance information was known (i.e. the sequence data was not de-replicated 
by picking OTUs before the analysis; Figure S1). First, consistent with the 
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enrichment of species-level OTUs from the Aeromonadales in freshwater fish 
guts, bacteria from this group were the most dominant in the complete freshwater 
gut libraries, making up a median of 40.1% of the sequences in these samples. No 
Aeromonadales were detected among the smaller subset of analyzed marine hosts 
(i.e. those with full sequence libraries available in NCBI). Second, Vibrionales 
bacteria comprised a median of 3.6% of sequence reads from the analyzed 
freshwater fish gut communities, compared to 69.8% for the analyzed marine fish 
communities. Third, the most abundant orders in the marine herbivore gut 
communities were Bacteroidales and Clostridiales, which comprised a median of 
12.7% and 22.6% of sequence reads per library. Bacteroidales were not found 
among omnivorous or carnivorous fish, while Clostridiales had a maximum 
representation of 9.1% with a median of 0% among these potential hosts. 
Combined, these trends highlight the robustness of our patterns across different 
analytical approaches. 
 
Relationships between fish gut bacterial communities: Fish Dataset 
 The phylogeny generated from our maximum likelihood analysis (Figure 
S2) was used for UniFrac analyses examining phylogenetic overlap between 
microbial gut communities. The principal coordinates analysis, performed using 
unweighted UniFrac distances, showed clustering based on trophic level, habitat 
salinity, and method of sampling (i.e. culture-dependent vs. –independent) 
(Figures 1-2 & S3).  
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Differences along PCoA axes were found to be significant according to 
trophic level and habitat (Table 1-3). More specifically, when considering the full 
dataset, bacterial communities of fish from different trophic levels were 
significantly different across PCoA1 and PCoA3, while bacterial communities 
from the culture-independent subset were significantly different across PCoA2 
according to trophic level. Bacterial communities of fish from different habitats 
were significantly different across PCoA2 and PCoA3 for the full dataset and just 
PCoA2 for the culture-independent communities. For comparisons involving 
either the full dataset or culture-independent dataset only, bacterial communities 
did not differ based on the rearing environment (i.e. whether the fish were from 
artificial environments, such as a lab or aquaculture setting, or their natural 
habitats). The MANOVA comparing fish order was significant for the full dataset 
but not for the culture independent subset. There were marginal concerns about 
the sphericity of the data for the MANOVA analyses, which were used to explore 
if fish having the same trophic level, habitat, rearing condition and order had 
more similar PCoA values, but because they were highly significant, the results 
were not likely to change very much due to the violation of the sphericity 
assumption. 
  When pairwise comparisons of UniFrac distances for all 25 fish libraries 
were analyzed with Monte Carlo resampling, distances between different trophic 
levels were found to be significantly greater than the those within trophic levels (p 
< 0.001, by Monte Carlo simulation). While the UniFrac distances did not differ 
significantly between versus within habitats (p > 0.05, by Monte Carlo 
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simulation), the trophic level x habitat interaction effect was significant (p < 
0.001, by Monte Carlo simulation).  
 
Relationships between fish gut communities and other free-living and host-
associated bacterial communities: Broad Dataset 
  As seen for analyses on the Fish Dataset, PCoA analyses on the Broad 
Dataset phylogeny (not shown) revealed clustering of bacterial communities 
based on trophic level, salinity, and method of sampling (i.e. whether the bacteria 
were cultured prior to sequencing) (Figure 1-3). Yet when the fish libraries were 
compared to those from other habitats, it was clear that they did not cluster 
together. Instead they were dispersed among communities from vertebrate guts, 
other eukaryotes, and various free-living environments (Figure 1-3A).   
As has been previously described (Ley 2008b), the first PCoA vector in 
this analysis separated free-living bacterial communities and those associated with 
most invertebrates, from those that associated with the gut of most vertebrates, 
particularly herbivorous and omnivorous mammals. Intermediate along this axis 
were bacterial communities associated with the termite gut, carnivorous 
mammals, and the human mouth and vagina. Interestingly, the fish gut samples 
were spread across this axis, with 3 of the 4 herbivorous fish gut communities 
(including Pomacanthus sexstriatus, Acanthurus nigricans and Naso tonganus) 
clustering closest to those from mammalian guts. The carnivorous fish mostly 
clustered near carnivorous mammals, in an intermediate position along this axis. 
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In contrast, the omnivorous fish all clustered near the free-living/invertebrate 
associated communities rather than with omnivorous mammals.  
 While PCoA2 separated cultured bacterial communities from those that 
were acquired by culture-independent techniques (Figure 1-3A), the variation 
across PCoA3 correlated with differences in habitat salinity—microflora from 
saltwater environments tended to have higher PCoA3 values (green points, Figure 
1-3B) than those from freshwater habitats (yellow/orange points, Figure 1-3B). 
Along PCoA3, the fish from estuarine environments tended to group with the 
freshwater fish even though the mixed salinity, non-fish environmental samples 
(from estuaries and an intertidal hotspring) grouped more with the saltwater 
samples. The herbivorous fish communities were all from marine hosts, and were 
generally found on an intermediate position along PCoA3. Future sampling 
designs that include fish with different diets from all salinity classes would 
therefore be very useful. 
 Cluster analysis (Figure S4) performed using the UniFrac distance matrix 
helped to further reveal the diversity of fish communities—which were dispersed 
across the generated dendrogram. All herbivorous fish communities grouped 
together on this tree, along with a community from one marine carnivore. This 
cluster was, in turn, related to communities from the guts of mammals and 
invertebrates (earthworms, herbivorous beetles, and termites) and from anoxic 
rice paddy soil. Other clusters containing fish communities tended to cluster with 
invertebrate and vertebrate gut communities, with two showing closer affinities to 
environmental bacteria (i.e. one containing communities from a guppy and some 
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zebrafish; and one cluster consisting of communities from a seahorse and 
Senegalese sole). 
 
Describing the lifestyles of related bacteria 
 To place the gut bacteria of fish into a broader evolutionary context, we 
constructed a maximum likelihood phylogeny of all representative sequences 
along with their top BLASTn hits. Consideration of clade membership in light of 
habitat source (Appendix A, Table S1) revealed that over half of the species from 
17/25 fish libraries had closest phylogenetic affinity to bacteria from vertebrate 
guts (blue bars in Figure 1-4 corresponding to categories 1-5). Three out of four 
herbivorous gut communities were unique in that most of their representative 
bacterial species belonged to lineages consisting of microbes from the guts of 
other vertebrates—namely birds and mammals (categories 1 & 2). Bacteria from 
these three fish hosts grouped into a diverse range of gut-associated clades (17, 
21, and 27 different vertebrate-associate clades across Acanthurus nigricans, 
Pomacanthus sexstriatus, and Naso tonganus, respectively), most commonly 
within the Bacteroidia, Clostridia, and Verrucomicrobia. Many of these consisted 
only of gut bacteria from one to three of these fish plus microbes from various 
herbivorous and omnivorous mammalian counterparts. Another common class of 
fish gut associates (category 6) showed closest phylogenetic affinity to microbes 
isolated from other animals (mostly insects and corals) and non-gut tissues of 
vertebrates. Free-living bacteria with environmental lifestyles (red, orange, and 
yellow bars in Figure 1-4), however, were comparatively rare among the closest 
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relatives of fish gut bacteria. In fact, only 2/25 studied fish communities harbored 
a majority species with affinities to environmental microbes (categories 7-10).  
 While we identified many clades of vertebrate gut associates, the two 
largest contained 42 and 51 species and were distributed across 12 and 10 fish 
host libraries, respectively (Appendix A, Table S1). The first (clade 44 from the 
Fusobacteria) corresponded to the Cetobacterium group identified by Roeselers et 
al. 2011. Members of this group were predominantly found in freshwater fish. 
Bacteria from the second of these lineages (clade 36 from the 
Gammaproteobacteria) were confined to freshwater fish and polar bear feces. 
BLASTn searches of selected representatives revealed that these were related to 
Plesiomonas shingelloides (Gammaproteobacteria: Enterobacteriales), a 
bacterium that has previously been found in freshwater fish, mammals, and bodies 
of freshwater. 
 
Discussion  
 It has previously been shown that fish gut communities vary within 
species due to factors such as dietary input, season, developmental stage, and the 
surrounding habitat (Hansen & Olafsen 1999; Luczkovich & Stellwag 1993; 
Nayak 2010). This work has also shown that microbes differ on broader scales 
between freshwater and saltwater fish, with bacteria such as Aeromonas and 
Plesiomonas (Gammaproteobacteria) enriched in freshwater specimens and 
anadromous fish collected from freshwater habitats, and Vibrio exhibiting greater 
prevalence in marine species (see Nayak 2010 for review). But until now most 
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research on fish gut communities has relied on cultivation, while most culture-
independent studies have not looked beyond a small number of sampled hosts (but 
see Roeselers et al. 2011). As such, our consideration of the ecological and 
evolutionary factors that correlate with community composition has shed novel 
and quantitative insights into the factors that structure bacterial gut communities 
across the most ancient and diverse group of vertebrates. 
Overall, our findings indicate that host trophic level, habitat, and possibly 
host phylogeny play a role in shaping gut microbial communities of fish. Our 
results also conform to the expectation that cultivation-based studies yield a 
distorted picture of the actual community composition (Figures 1-2 &1-3; Table 
1-3). The assertion that salinity and host relatedness shape fish microbial 
communities was also suggested by the Roeselers et al. (2011) study, which 
included a subset of the fish bacterial communities analyzed here. Although there 
is some agreement between our findings, the results here did show weaker 
clustering of the zebrafish microbial communities (Figures 1-2 & Appendix A, 
Figure S4). In spite of these differences, the tendency for conspecific fish (i.e. 
zebrafish and rainbow trout) to harbor similar gut bacteria suggests that core gut 
communities may be common across a broader range of fish. 
Although our analyses focused on representative species from each host 
library, considerations of whole libraries yielded trends consistent with effects of 
habitat salinity and trophic level (Appendix A, Figure S1). Analyses alongside 
communities from other hosts and habitats similarly revealed that these patterns 
were robust (Figure 1-3), as did statistics performed exclusively on culture-
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independent libraries (Table 1-3). Furthermore, potential biases stemming from 
differences in primers or sampling effort across studies are not likely explanations 
for the patterns observed in our analyses (see Supporting Information for 
discussion). 
While our study is among the first to quantify the effects of ecological and 
environmental factors on fish gut communities, another attribute of this work is 
that it provides the first systematic investigation into the types of microbes and 
communities showing closest affinities to the gut flora of fish. UniFrac PCoA and 
cluster analyses (Figure 1-3A; Appendix A, Figure S4) indicated that most fish 
gut communities bear resemblance to those from vertebrate and invertebrate guts, 
with few showing greatest similarity to environmental microbial assemblages. 
Phylogenetic analysis of representative OTU's and their closest relatives similarly 
uncovered frequent clustering of fish gut associates with symbionts of animals, 
including vertebrate gut colonists (Figure 1-4). We must, therefore, consider the 
possibility that a large percentage of the bacterial species in fish guts may make 
their living as more specialized members of symbiotic communities rather than as 
free-living, environmental bacteria. 
While the above findings hint at symbiotic origins for many of the 
microbes found in fish guts, it should be noted that most freshwater and saltwater 
gut communities clustered respectively with those from other freshwater and 
saltwater environments. This resembles previous findings on the importance of 
salinity in structuring communities from free-living habitats (Lozupone & Knight 
2007). It is also consistent with the colonization of the gut habitat by at least some 
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environmental bacteria, including common gut associates such as Vibrio and 
Aeromonas. This trend indicates that bacteria adapted to associate with the guts of 
marine fish species must also be adapted to tolerate the saline environment of 
their hosts. Marine herbivores provided an exception to this trend (Figure 1-1B), 
harboring few of the typical environmental marine bacteria yet many close 
relatives of bacteria from mammalian guts.  
 
Gut communities of fish and mammals 
 Comparisons of fish gut bacterial communities to those from other 
environments, including lakes, soils, oceans, and eukaryotic hosts, reveal that fish 
gut bacteria can be quite distinct between different hosts (Figure 1-3A; Appendix 
A, Figure S4). It will, thus, be interesting to determine whether gut communities 
of other non-mammalian vertebrates with closer relatedness to mammals—
amphibians, birds, and reptiles—show similar dispersion patterns or whether their 
communities appear derived and unique like those of the mammals.   
In spite of the diverse gut communities found across fish, most were 
united by the dominance of microbes from the Proteobacteria (Figure 1-1; 
Appendix A, Figure S1), in keeping with previous findings (Huber et al. 2004; 
Rawls et al. 2006; Roeselers et al. 2011; Wu et al. 2010). In stark contrast, 
Proteobacteria are outnumbered within healthy adult mammalian guts by species 
from the Bacteroidetes and Firmicutes (Ley et al. 2008a). This distinction 
between dominant phyla present within fish versus mammals is likely driven by 
evolved differences in the selectivity of the gut environment (Rawls et al. 2006).  
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An exception to this pattern was, again, found for three of the four studied 
marine herbivores—Pomacanthus sexstriatus, Naso tonganus, and Acanthurus 
nigricans (see Supporting Information for a description of the exception). 
Proteobacterial species comprised less than 30% of the OTUs from their gut 
communities, which were instead unique in their combined enrichment of species 
from the Bacteroidetes and Firmicutes (>50% of the OTUs in each; Figure 1-1). A 
consideration of full libraries (vs. only representative species) for these fish 
confirmed the numerical abundance of these species (Appendix A, Figure S1), 
indicating that the trend was not simply due to the presence of many rare varieties 
from these phyla. Since this resemblance to mammalian guts was also reflected in 
our UniFrac analyses (Figure 1-3A; Appendix A, Figure S3), our findings hint 
that the microbial communities of these fish may function similarly to those in 
their mammalian counterparts. Indeed, the presence of short chain fatty acids in 
the guts of marine herbivores (Clements & Choat 1995) suggests that herbivorous 
fish and mammals are united through the process of gut fermentation. 
  
A need for greater sampling of symbiotic gut communities across the fish 
 The fish phylogeny exhibits great species diversity, but is also diverse in 
the varieties of exhibited morphologies, physiologies, and ecologies. Fish are 
found in drastically varied environments, including deep ocean habitats with 
extreme pressure (Carney 2005; Zintzen et al. 2011), hypersaline salt ponds 
(Carpelan 1957; Lenanton 1977) and many habitats in between these extremes. 
Aside from their varied habitats, fish can occupy diverse trophic niches, ranging 
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from specialists on plankton or fish scales to omnivorous generalists and 
piscivorous carnivores (Gerking 1994). Fish can also have vastly distinct 
morphological features within their intestinal tracts—some species have 
additional chambers and structures, while others have lost intestinal features such 
as stomachs (Jobling 1995). 
Given the great variation exhibited across ichthyofauna, it is important to 
note that a relatively narrow range of habitats and ecologies are represented in our 
meta-analysis, due to the limited availability of sequence-based datasets. 
Furthermore, out of the 62 extant orders and 515 extant fish families, just eight 
orders and 15 families are represented in this study, and all come from the 
Actinopterygii (ray-finned fish), one of two classes of the bony fish. When we 
consider that fish comprise slightly more than one-half of all recognized living 
vertebrate species (Nelson 2006), while representing the first organisms to evolve 
adaptive immune systems, their vast ecological, physiological, and morphological 
diversity combine to make them an attractive system for the exploration of 
symbiosis. We advocate that such sampling begin by tackling 1) more basal 
groups of fish, including jawless and cartilaginous forms, and 2) members of the 
Sarcopterygii, including the lungfishes that represent the closest relatives of 
tetrapods. A special emphasis should also be made to study close relatives from 
different trophic levels or habitats. This combined approach will help to better 
understand how these communities vary, the forces that drive this variation, and 
how they have changed over time. Targeted sampling will also help to disentangle 
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the effects of habitat, trophic and genetic similarities on the composition of gut 
communities. 
 
Explorations on the consequences of symbiosis 
In further explorations of fish and their gut bacterial communities, it will 
also be essential to paint a clearer picture of the significance of symbiosis and its 
roles in fish ecology and evolution. Indeed, certain microbial gut associates may 
confer fitness advantages, affecting the evolutionary trajectories of the creatures 
that harbor them. Interestingly, prior studies have shown that fish gut bacteria 
play roles in nutrition, immunity, and defense (see Nayak 2010 for review). For 
instance, gut bacteria shape fish nutrition through modulating cholesterol 
metabolism (Rawls et al. 2004), the provisioning of vitamins (Sugita et al. 1991), 
and the synthesis of digestive enzymes that degrade a variety of substrates 
(Bairagi et al. 2002; MacDonald et al. 1986; Sugita & Ito 2006). The detection of 
short-chain fatty acids (SCFAs) in the intestines of marine herbivores also 
indicates digestive and nutritional roles for their gut bacteria (Clements & Choat 
1995). Furthermore, it is known that the gut microbiome is crucial for the 
development of both the gut and immune system within some fish hosts (Perez et 
al. 2010). With the increasing availability and accessibility of molecular 
technologies, novel and high throughput approaches can be utilized to gain an 
increased understanding of the functional roles of these fish microbes. A 
metagenomic approach, for instance, would provide insight into the consequences 
of symbioses with gut bacteria, revealing whether the functional differences 
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among gut communities from mammals at different trophic levels (Muegge et al. 
2011) are also found within fish.  
 
Explorations of the mechanisms of symbiosis and community assembly 
Another unexplored avenue relating to fish and their gut communities 
relates to the mechanisms of symbiosis, and in particular, the means by which 
symbiotic communities assemble within the gut. The gut habitats of various 
organisms have complex factors that determine which microbes flourish and 
which are extirpated. Factors affecting environmental bacteria, such as pH (Chu et 
al. 2010; Fierer & Jackson 2006) can also affect microbial colonization in animal 
alimentary tracts (Duncan et al. 2009). Immune systems can also discriminate 
between symbiotic versus pathogenic bacteria (Atarashi et al. 2011; Cerf-
Bensussan & Gaboriau-Routhiau 2010), providing a means of selecting for or 
against particular microbial constituents. Like mammals, fish do show a similar 
capacity to retain characteristic microbes, as illustrated by Rawls and colleagues 
(2006) who seeded germ-free zebrafish guts with gut flora from mice. Over time, 
the resulting gut communities shifted to look more like those from a typical 
zebrafish gut, with Proteobacteria proliferating at the expense of Bacteroidetes 
and Firmicutes. The implication that the autochthonous microbes are not a passive 
reflection of their seeding communities fits nicely with our finding that most 
bacterial species in the guts of fish are not closest to environmental bacteria, but 
to those found as symbionts of other animals. 
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So what forces shape the colonization of fish guts? The prevailing view of 
the bacterial colonization of a fish gut is that it depends on the bacterial 
composition of rearing water and diet, which directly seeds the gut of fry (Nayak 
2010). As fish become active feeders, the bacterial load in their guts increase, and 
autochthonous bacteria become attached to the intestinal mucus or epithelial 
surface forming the resident gut inhabitants, while allochthonous or transient 
bacteria fail to become established (Nayak 2010). 
The belief that fish gut bacterial communities are entirely seeded from the 
ambient bacterioplankton, the bacteria in their food, or those in the environment 
(Nayak 2010), however, neglects the fact a number of bacteria have only been 
isolated from fish guts. An example of such a fish-specific symbiont includes one 
of the largest bacteria known, Epulopiscium fishelsoni. This microbe can reach 
sizes greater than > 600 x 80 µm, and has only been found in surgeonfish (Angert 
et al. 1993). Because no free-living forms of E. fishelsoni have been found, 
alternative means of bacterial acquisition aside from the environment should be 
considered. Additionally, not all fish develop from externally deposited eggs. 
Two out of the nineteen fish species studied in this meta-analysis have alternative 
reproductive strategies, including the guppy, which is oviviparous, and 
Hippocampus spp., which relies on male brooding of offspring (Breden et al. 
1999; Foster & Vincent 2004). Cichlid species also exhibit parental care, 
including a number of species that brood their offspring in their mouths (Goodwin 
et al. 1998). At least three cichlid species, including Etroplus maculatus, 
Symphysodon discus, and Cichlasoma citrinellum, have been observed exhibiting 
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a specific behavior in which young fish contact a parent “as though feeding from 
the surface of their bodies,” which Noakes and Barlow (1973) speculated is a way 
for the fish to acquire mucus and/or other essential material. Although unproven, 
this type of behavior could clearly serve as a mechanism for bacterial 
transmission, which may be vital for growth and development, as few young 
survive when isolated from their parents (Hildemann 1959; Ward & Barlow 
1967). Such behaviors and reproductive strategies introduce the possibility for 
more direct modes of transmission resembling those seen in mammals. 
Furthermore, within insects, gut bacteria have been isolated from surface-
sterilized eggs, suggesting that vertical transmission may occur even in egg-laying 
animals (Pinto-Tomás et al. 2011). So combined with the enrichment of symbiotic 
(and mammalian gut) bacteria within the guts of fish, these findings suggest a 
need for further studies on non-traditional means of microbial acquisition. 
 Fish may also acquire gut bacteria through cyclic transmission, where 
hosts obtain their symbiotic community from the environment. This type of 
transmission can promote prolonged associations between bacteria and hosts, 
especially when the adult population seeds the environment with their bacteria 
(McFall-Ngai 1998). McFall-Ngai suggests also that over evolutionary time, 
selection could occur within a host’s development that leads it to gain appropriate 
environmental bacteria through recognition and adherence mechanisms within its 
cell surfaces (McFall-Ngai 1998). Such a phenomenon could provide an 
additional mechanism to promote the differentiation of gut communities among 
fish from similar environments (e.g. marine herbivores vs. omnivores and 
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carnivores).  
 As one can see, our current understanding of the mechanisms of gut 
community assembly stems from a small number of insights, often derived from 
studies in other systems. This wide-open topic should, thus, provide many 
opportunities for research on the roles of host immunity and physiology, host 
genotype (e.g. Whitham et al. 2008), and microbial interactions (e.g. Keller & 
Surette 2006) in shaping the types of communities in fish guts (see Supporting 
Information for further discussion). 
 
Conclusions 
 In conclusion, fish appear to have more complex relationships with their 
gut bacteria than previously described, and their gut microbiome may not be a 
simple reflection of the microbes from their environment. This seems especially 
true for species of marine herbivorous fish whose inhabitants show close ties to 
microbes from mammalian guts. Given their antiquity and the overlap of their gut 
communities with those from mammals, we propose that fish may have served as 
the first vertebrate hosts for many of the microbes that have come to proliferate in 
the guts of mammals. This would imply that since fish were the first hosts with 
adaptive immune systems encountered by these bacteria, the guts of several fish 
lineages served as training grounds for microbes that would eventually evolve 
relationships with mammals. Of course, it is alternatively possible that the sharing 
of similar gut bacteria between mammals and fish could reflect the outcomes of 
convergent evolution with fish and mammals separately domesticating related 
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free-living lineages. Discriminating between these hypotheses will require more 
thorough sampling of gut communities across the fish in search of a tendency for 
their gut microbes to fall out as basal branches within larger clades of vertebrate 
gut symbionts. Should this prediction be met, humans can count their gut bacteria 
among the many other attributes that constitute their “inner fish” (Shubin 2008). 
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Table 1-1: A summary of the 16S rRNA sequence libraries used in this chapter’s analysis 
Fish Sampling Method
Total 
Sequences 
(a)
Number 
of OTUs 
(b)
Diet 
(c) Habitat (d)
Tissue 
Type (e)
Rearing 
(f) Order Reference:
Acanthurus nigricans Uncultured 48 36 H Saltwater IC W Perciformes Smriga et al. 2010
Chaenocephalus aceratus Uncultured 303 4 C Saltwater IW W Perciformes Ward et al. 2009
Chlorurus sordidus Uncultured 44 20 H Saltwater FP W Perciformes Smriga et al. 2010
Danio rerio (Eugene) Uncultured 1352 113 O Freshwater DT A Cypriniformes Roeselers et al. 2011
Danio rerio (India) Uncultured 403 74 O Freshwater DT W Cypriniformes Roeselers et al. 2011
Danio rerio (Seattle) Uncultured 401 65 O Freshwater DT A Cypriniformes Roeselers et al. 2011
Danio rerio (Chapel Hill) Uncultured 136 30 O Freshwater DT A Cypriniformes Roeselers et al. 2011
Danio rerio Uncultured 1456 145 O Freshwater DT A Cypriniformes Rawls et al. 2006
Epinephelus coioides Cultured 17 14 C Estuarine DT A Perciformes Sun et al. 2009
Gillichthys mirabilis Uncultured 17 15 C Estuarine DT W Perciformes Bano et al. 2007
Hippocampus guttulatus Uncultured 46 39 C Saltwater IC A Gasterosteiformes Balcázar et al. 2010
Lutjanus bohar Uncultured 44 18 C Saltwater IC W Perciformes Smriga et al. 2010
Naso tonganus Uncultured 101 80 H Saltwater IC W Perciformes Mendell, Unpublished
Notothenia coriiceps Uncultured 194 13 O Saltwater IW W Perciformes Ward et al. 2009
Oncorhynchus mykiss Cultured 15 13 C Freshwater (M) IC A Salmoniformes Huber et al. 2004
Oncorhynchus mykiss Cultured 34 29 C Freshwater (M) IC A Salmoniformes Kim et al. 2007
Oncorhynchus mykiss Uncultured 35 22 C Freshwater (M) IC A Salmoniformes Kim et al. 2007
Pelteobagrus fulvidraco Uncultured 65 52 C Freshwater IC & IM W Siluriformes Wu et al. 2010
Poecilia reticulata Uncultured 112 70 O Freshwater DT W Cyprinodontiformes This study
Pomacanthus sexstriatus Uncultured 228 110 H Saltwater IC W Perciformes Ward, Unpublished
Salmo salar Cultured 52 15 C Freshwater (M) IC W Salmoniformes Skrodenyt!-Arba"iauskien! et al. 2008
Salmo trutta fario Cultured 100 23 C Freshwater IC W Salmoniformes Skrodenyte-Arbaciauskiene et al. 2006
Salmo trutta trutta Cultured 47 15 C Freshwater (M) IC W Salmoniformes Skrodenyt!-Arba"iauskien! et al. 2008
Solea senegalensis Cultured 36 18 C Saltwater DT A Pleuronectiformes Martin-Antonio et al. 2007
Takifugu niphobles Uncultured 25 21 C Saltwater IC W Tetraodontiformes Shiina et al. 2006
(b) The number of OTUs derived at the 3% divergence level. 
(c) Diet indicates the fish’s diet at the time of collection as H: herbivore, O: omnivore, and C: carnivore. 
(d) Habitat describes the type of water in which the fish was collected. (M) indicates that the species is known to migrate between fresh and saltwater habitats.
(f) Rearing indicates if the fish was collected in an artificial environment (A), including a farm or a lab, or from its wild habitat (W).
Sampling method refers to whether the sequences were derived from culture independent methods (uncultured) or by culturing the bacteria before sequencing. In all 
cases, universal primers were used to sequence the 16S rRNA genes from the studied bacteria. 
(a) The number of all sequences published in NCBI from this study (except for the guppy library—these sequences were generated as as part of this study) after 
removing sequences that classified to chloroplasts through the RDP Classifier tool (Wang et al. 2007).  
(e) Tissue Type describes the portion of the gut used for the analysis as DT: Digestive tract including contents and wall, IC: Intestinal content, IW: Intestinal wall, FP: 
fecal pellet, IM: Intestinal mucus.
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Table 1-2: Analyses on the environmental, ecological, and evolutionary factors 
correlated with similarity in fish gut bacterial communities.  
(a) Multivariate analysis
Source of variation Pillai's Trace Hypothesis df Error df F P
(All Fish) Trophic Level 1.246 6 42 12.017 0.000 !
Habitat 0.774 6 42 4.419 0.002 !
Rearing 0.098 3 21 0.763 0.218
Order 1.661 21 51 3.011 0.001 !
(Culture Independent) Trophic Level 1.340 6 28 9.473 0.000 !
Habitat 0.783 6 28 3.000 0.027 !
Rearing 0.159 3 14 0.884 0.197
Order 1.707 18 33 2.419 0.201
(b) Univariate analysis Type III SS df F P
Tropic Level (All Fish) PCA1 0.717 2 22.494 0.000 !
PCA2 0.071 2 1.177 0.327
PCA3 0.28 2 10.807 0.001 !
Habitat (All fish) PCA1 0.098 2 1.115 0.346
PCA2 0.285 2 7.018 0.004 !
PCA3 0.165 2 4.546 0.022 !
Trophic Level (Culture Independent) PCA1 0.288 2 9.961 0.176
PCA2 0.063 2 0.870 0.000 !
PCA3 0.265 2 10.914 0.065
Habitat (Culture Independent) PCA1 0.036 2 0.578 0.254
PCA2 0.216 2 4.187 0.008 !
PCA3 0.199 2 6.006 0.398
P-values from MANOVA (a) and ANOVA (b) analyses, comparing axes of principal coordinates analysis based on 
UniFrac distances. P-values significant at the 0.05 level are indicated by (*).
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Figure 1-1: Classifications of bacterial species from 25 fish gut communities. A. 
Bacterial species from 25 fish gut communities classified to the phylum level. Bar 
graphs for each library represent the percentage of species assigned to each 
phylum with >80% bootstrap confidence. Names of the fish hosts are listed along 
the horizontal axis. To differentiate between libraries of the same species, the 
authors of the relevant studies are listed in parentheses, while “CI” indicates the 
culture independently derived sequences from the Kim et al. (2007) O. mykiss 
samples. B. Bacterial OTUs from 25 fish gut communities classified to the order 
level. Bar graphs for each library represent the percentage of species assigned to 
each order with >80% bootstrap confidence. 
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Figure 1-2: Results of principal coordinates analysis based on pairwise 
unweighted UniFrac distances. Symbols representing individual communities are 
colored by trophic level (green: herbivores, red: carnivores and yellow: 
omnivores). Shapes represent the habitats from which the samples were derived 
(circle: saltwater, triangle: estuarine, square: freshwater, diamond: migratory fish 
species between fresh and saltwater, all of which were sampled from freshwater). 
Open symbols represent cultured bacterial communities, while solid symbols 
represent communities studied through culture-independent means. Symbols with 
“D” on the top left illustrate individual zebrafish libraries, while those with “O” 
represent rainbow trout libraries. 
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Figure 1-3: PCoA analysis illustrating similarity of bacterial communities from 
fish guts and other communities (Axes 1 & 2) A. across trophic levels and 
sampling methodologies. Fish are distributed among other bacterial communities, 
but they cluster with each other along trophic levels. B. PCoA analysis illustrating 
similarity of bacterial communities from fish guts and other communities (Axes 1 
& 3) based on habitat salinity. In this figure, PCoA 3 is shown because the 
difference in habitat salinity separates along this axis. The fish from estuarine 
habitats appear to be more similar to fish from freshwater, but the environmental 
communities from mixed salinity habitats cluster more with saltwater bacterial 
communities. 
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Figure 1-4: Lifestyles of bacteria related to fish gut microbes. After constructing 
a phylogeny with 16S rRNA sequences from bacteria of fish guts and their top 
BLASTn hits, all representative sequences (one per 97% OTU) were categorized 
based on their relatedness to microbes from vertebrate guts, other animals (or 
vertebrate tissues), plants, and both natural environmental and artificial habitats. 
The percentage of species (i.e. 97% OTU’s) from each library falling into one of 
the 14 designated categories is illustrated using color coded bar graphs. For 
further clarity, trophic level and habitat type for studied fish hosts are indicate to 
the left of the Y-axis (herbivorous fish are highlighted at the bottom of the graph), 
while general groups of bacterial lifestyles are revealed to the right of the 
category legend. “M” symbols after host species names indicate that these species 
are known to migrate between fresh and saltwater. Note that herbivores show 
enrichment for microbes from categories 1 and 2, indicating that they are closely 
related to gut associates of other vertebrates—mostly mammals.  
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CHAPTER 2: CHANGES IN DIGESTIVE TRAITS AND BODY NUTRITIONAL 
COMPOSITION ACCOMMODATE A TROPHIC NICHE SHIFT IN TRINIDADIAN 
GUPPIES 
 
Abstract 
 A trophic niche shift can occur as an adaptive response to environmental 
change such as altered resource quality, abundance or composition. Trait changes, 
including digestive traits such as gut morphology and physiology, may enable 
these niche shifts and affect the persistence of populations and species. Relatively 
few studies, however, have assessed how niche shifts influence suites of digestive 
traits through plastic, developmental, and evolutionary mechanisms, and how 
these trait changes can, in turn, alter the nutrition, fitness and life history of 
organisms. In this experiment, we investigated how population divergence and 
plasticity alter the gut physiology of wild Trinidadian guppies (Poecilia 
reticulata), assessing whether variation in digestive traits correspond with 
enhanced nutrient assimilation under a pronounced dietary shift. We examined 
gut enzyme activity, and gut size and mass of wild guppies from both high-
predation (HP) and low-predation (LP) habitats when fed on high- or low-quality 
diets in the laboratory. After 10 weeks on the experimental diets, HP guppies 
maintained significantly shorter and lighter guts than LP guppies on either diet 
and differed in their digestive enzymatic profiles. LP guppies were also found to 
have increased levels of somatic phosphorus at the end of the experiment, 
possibly due to higher alkaline phosphatase activity in their guts. Overall, these 
results suggest that differences in gut physiology exist among populations of 
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Trinidadian guppies that may reflect local adaptation to their disparate 
environments.  
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Introduction 
 Shifts in dietary niche driven by environmental change can create strong 
selection for phenotypic divergence, favoring novel traits that maximize the 
acquisition, digestion and assimilation of energy and nutrients in dietary items 
(Grant & Grant 2006). Many studies have investigated traits for capturing and 
ingesting novel resources (Parsons & Robinson 2007; Schluter 1995), but there 
are relatively few studies that focus on the digestive tract. Because the structure 
and physiology of the digestive tract can alter how energy and nutrients are 
extracted from resources, the gut determines the ultimate fitness benefits derived 
from novel diets (Karasov & Martinez del Rio 2007). Digestive traits and the 
mechanisms by which they vary are, thus, central to ecological and evolutionary 
interactions. 
Intestinal morphology and enzyme activity reflect a balance between the 
benefits (e.g., energy, nutrients) obtained from digesting various dietary items and 
the costs of maintaining metabolically expensive digestive tissues and enzymes. 
These traits can vary both among and within species depending on diet (German 
et al. 2010; Horn 1989; Horn et al. 2006; Karasov & Martinez del Rio 2007; 
Wagner et al. 2009) in order to enhance assimilation of required nutrients and 
energy. Diets lacking in nutrients can also drive changes in an organism’s body 
stoichiometry (i.e. elemental composition of phosphorus (P), nitrogen (N) and 
carbon (C)) and constrain organism fitness and life history (Demott et al. 1998; 
Elser et al. 2000; Frost et al. 2010; Sterner & Elser 2002). In the context of 
trophic niche shifts, altered digestive traits may mediate the impact of diet quality 
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on organism body nutrient content, and ultimately life history characteristics. 
Understanding the roles of both phenotypic plasticity and population-level 
divergence on digestive traits and body nutrient composition is essential to 
describe how animals face the challenges of rapidly changing environments 
(Ghalambor et al. 2007). 
Here, we explore how diet-induced plasticity and population-level 
divergence influence digestive traits and body nutrient composition in a model 
system for evolutionary ecology, the Trinidadian guppy (Poecilia reticulata). The 
trophic niche of omnivorous Trinidadian guppies varies considerably across 
populations in freshwater montane streams of Trinidad (Zandonà 2010). Within 
the streams of the Northern Range of Trinidad, populations of guppies have been 
categorized into two ecotypes based on phenotypic differences. A high predation 
(HP) ecotype guppy occurs in downstream habitats where it is exposed to 
predation by a number of piscivorous fishes, and a low predation (LP) ecotype is 
found upstream of barrier waterfalls that have prevented dispersal of predatory 
fish (Magurran 2005; Reznick 1982). The HP ecotype consumes more high 
quality (i.e., high N and P content) invertebrates and less low quality (i.e., low N 
and P content) detritus and algae than the LP ecotype (El-Sabaawi et al. 2012; 
Zandonà et al. 2011). Additionally, HP guppies are more selective for high-
quality diet items, even while in common garden conditions (Bassar et al. 2010; 
Zandonà et al. 2011). Frequent predation on guppies in HP sites maintains their 
low densities, leading to high per capita resource availability but limited 
opportunity to feed due to predation risk (Fraser et al. 2004). In upstream LP 
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sites, guppies that are largely free from predation risk spend more time foraging. 
In these LP sites, guppy densities are also several folds higher suggesting 
increased competition for high quality resources in LP sites (Grether et al. 2001; 
Zandonà et al. 2011). Although the role of food quantity has been investigated in 
guppy evolution (Arendt & Reznick 2005; Auer et al. 2010; Reznick 1982), the 
physiological and ecological effects of food quality have not been explored 
empirically. 
In this study, we describe how the intestinal traits of Trinidadian guppies, 
specifically gut enzyme activity and morphology, respond to dietary shifts 
observed in their native habitat by comparing gut traits of a HP-LP population 
pair lab-reared from maturity on high- or low-quality foods. We also describe 
body nutrient composition and elemental stoichiometry to assess potential 
linkages between enzyme activity and elemental homeostasis. We assess (1) the 
role of population divergence on these traits by comparing HP and LP guppies, 
(2) plastic trait change by comparing all guppies reared on the two diet treatments 
in the laboratory, and (3) the effect of population divergence on plasticity by 
comparing the response to the food treatment of each population. We 
hypothesized that LP guppies, which feed on lower quality diets in the wild, and 
lab-raised guppies consuming a low quality diet, would maintain longer and 
heavier guts (Table 2-1). We based our expectations regarding enzyme activity on 
the adaptive modulation hypothesis, which predicts that an increase in substrate 
concentration within an animal’s diet will be matched by an increase in the 
corresponding digestive enzyme to maximize the digestion of available material 
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(Day et al. 2011; German et al. 2004; German et al. 2010; Karasov & Hume 
1997; Karasov & Martinez del Rio 2007). Our results provide insight on the role 
of digestive traits in a niche shift that may, in turn, interact with variation in life 
history and sexually selected traits in this model system.  
 
Methods 
Experimental set up 
In April 2011, we collected juvenile guppies (e.g. <4 weeks post 
parturition) from one HP (Aripo River) and one LP (Naranjo River) stream reach 
within the Caroni Drainage of Trinidad’s Northern Range. Fish were transported 
to Cornell University and acclimated to lab conditions for six weeks (at the end of 
which period all fish were mature adults). At the start of the diet manipulation, all 
female guppies were anesthetized with MS-222, measured for length and weight 
and assigned randomly to tanks, with each tank containing three female guppies 
and a single male guppy, all from the same population (i.e., all HP or LP).  
Treatments were blocked across space (vertical location on shelving 
units), with each of the four blocks being fully factorial for diet quality (high and 
low) and guppy ecotype (HP and LP) treatments. Males were included in the 
tanks because females decrease energy assimilation in the absence of male 
guppies (Reznick 1983), but only measurements of females were used in this 
study. All tanks had the same male to female ratio (1:3) and all female guppies 
were reproductive over the course of the entire experiment.  The diet 
manipulation commenced on June 7, 2011 and proceeded for 10 weeks.  
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Two experimental dietary treatments were tested: one composed primarily 
of spinach and one primarily of invertebrates. The spinach diet was designed to 
mimic a low quality food, composed of small numbers of invertebrates imbedded 
in a low-quality detrital and algal matrix, a typical diet of guppies in LP 
environments (Zandonà et al. 2011). The invertebrate diet was designed to reflect 
the high invertebrate content, high quality diet with small amounts of detritus 
typical of HP environments in the dry season (2011) (see supplementary material 
for additional details on diet preparations). We fed fish equal calories of the two 
diets (i.e. 1.6× more spinach diet by dry mass) at a level in excess of estimated 
daily caloric demands. (Reznick 1983). Based on the amounts fed of each diet per 
meal, the invertebrate diet had approximately 6% more protein and 200% more 
lipids than the spinach diet, while the spinach diet had 340% more carbohydrates 
than the invertebrate diet (Appendix B, Table S3).  
 
Tissue Preparation 
At the conclusion of the experiment, fish were not fed for approximately 
20 hours preceding the measurements of their gut enzymes to ensure that 
enzymatic activity was from endogenous origin rather than from dietary items 
(Dabrowski & Glogowski 1977). Fish were euthanized with MS-222 (Sigma) 
following IACUC protocol 2008 – 0106 Cornell University, and then measured 
(standard length) and weighed. The removed gut was laid out without stretching, 
and a digital photograph was taken of whole intestinal tracts for subsequent 
measurements using Image J (http://rsb.info.nih.gov/ij/). Gut tissue was weighed 
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within one min. of dissection then homogenized with 25 mM Tris-HCL buffer 
(pH 7.5) with a dilution factor of 100 volumes (v/w). The homogenates were 
centrifuged at 9400 x g for 2 min, and the supernatant was collected in small 
aliquots (400 uL) and stored at -80 °C until just before the fluorometric analysis.  
 
Fluorometric enzyme assays 
All assays were measured at pH 7.5, the approximate pH of the guppy gut 
(assessed with colorpHast® pH Test Strips, EMD Millepore, USA) and at 25°C 
(the temperature at which fish were kept during the experiment). We measured 
brushborder enzyme activities because they can be measured using highly 
sensitive fluorometric substrates and small volumes of gut homogenates. We 
focused on two C acquiring enzymes (α-glucosidase (AG) and β-glucosidase 
(BG)), one N and C acquiring enzyme (N-acetyl-β-D-glucosaminidase (NAG)), 
and one P acquiring enzyme (alkaline phosphatase (AP)) to obtain an overview of 
enzymatic activity in the guppy gut with respect to different nutrients. 
Preliminary trials with guppy guts were used to determine saturating 
concentrations for all substrates. Fluorescence intensities were measured on a 
Bio-Tek Fluorescence plate reader, with excitation set at 360 nm and emission set 
at 460 nm. Enzyme activities were calculated using methods outlined by German 
(2011).  
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Body Elemental Composition Analysis and reproductive allotment 
 We examined whether diet or ecotype affects how guppies incorporate C, 
N and P into tissues. At the conclusion of the experiment, guppy egg masses were 
dissected, weighed, and dried at 55°C to constant mass. Reproductive allotment 
was calculated as the ratio of reproductive tissue dry mass to somatic tissue dry 
mass. 
Dried guppies and eggs were ground into homogenous powder. Two mg 
subsamples of homogenized tissue were weighed to the nearest thousandth of a 
mg and assayed for percent C and N using a Carbo Erba elemental analyzer 
(Elementar Vario EL III; Elementar Analysensysteme GmbH, Hanau, Germany, 
see supplemental material for details). The remainder of the guppy somatic tissue 
and entire egg masses were ashed in pyrex vials at 500°C for 2 hrs and digested in 
1N HCl at 105°C to facilitate dissolution of P. Soluble reactive phosphate of the 
resulting solution was then quantified using serial dilutions and the molybdate 
blue method (Parsons et al. 1984). The total amount of C, N and P in each fish 
and egg mass was estimated by multiplying the dry weight by the percent of the 
dry weight composed of each element. We expressed nutrient content of fish in 
terms of relative metrics such as percent of dry weight or molar nutrient ratios to 
assess diet and population influences on tissue nutrient content (e.g., (El-Sabaawi 
et al. 2012; McIntyre & Flecker 2010)). To isolate change in the allometry of 
individual elements with fish length, for each fish we calculated the total body 
mass in a given nutrient by multiplying the per dry weight nutrient content by the 
whole animal dry mass. 
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Statistics 
We used generalized linear mixed-effects models and likelihood ratio tests 
to explore the effects of ecotype (HP vs. LP), diet (brine shrimp vs. spinach) and 
their interaction on enzyme activity, gut length, gut weight and body nutrient 
composition. Statistical analyses were conducted using the lme4 package (Bates) 
in R v. 2.15.1 . We included block as a random effect, and fish standard length 
was used as a covariate for gut length, gut weight and body nutrient composition. 
One fish per tank was measured for the enzyme analysis. The average of the three 
female fish in each tank was used for analysis of gut morphology, body nutrient 
composition, growth, and reproduction. We checked for the assumptions of 
normality and homoscedasticity using Q-Q plots and Tukey-Anscombe plots. 
Enzyme activities were log transformed prior to analysis to meet the assumptions 
of the linear mixed models. 
We analyzed the enzyme activity data with multivariate statistics using 
Principal Component Analysis (PCA) to assess co-regulation among enzymes. 
After standardizing each enzyme activity to the mean of that enzyme, the PCA 
was performed on a correlation matrix of enzymatic activity. Only PCs with 
eigenvalues that were larger than 1 and loadings that were greater than 0.3 were 
included in the analysis. The multivariate analyses were preformed using JMP (v. 
10) for Macintosh computers.  
For the nutrient composition analysis, all biologically feasible models 
were constructed and compared using corrected Akaike Information Criterion 
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(AIC) scores. We regressed (log-transformed) whole body nutrient content against 
log-transformed standard length, and used information criteria-based model 
selection and χ2 likelihood ratio tests to assess the role of diet and ecotype as 
drivers of change in the amount of each nutrient present at a given fish length.  
 
Results 
Gut Morphology and Gut Enzyme Activity 
At the conclusion of the experiment, the two guppy ecotypes (HP vs. LP) 
had significantly different gut lengths and weights (Figure 2-1, Table 2-2). Gut 
morphology was not significantly different among diet treatments (spinach and 
brine shrimp). The interaction between diet and ecotype was not significant nor 
was the allometry of gut length or weight to standard length variable among 
ecotypes of diet treatments. Model selection indicated ecotype was a better 
predictor of enzymatic activity than the dietary treatment, and enzyme activities 
differed significantly between HP and LP guppies (Figure 2-2) in three out of the 
four enzymes measured (Table 2-2).  
 
Growth and Reproduction 
Guppies on the low quality diet had strongly reduced tank-average growth 
rates (F12,1 = 35.6, p = <0.01), but neither the ecotype nor the ecotype × diet 
interaction explained a significant proportion of variation in growth rates 
(F12,1=0.58, p = 0.46; F12,1 = 0.16, p=0.71, respectively). Over the course of the 
experiment, LP guppies allocated significantly less of their overall tissue growth 
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to reproduction (F12,1= 7.2, p=0.02), but neither diet nor its interaction with 
ecotype significantly altered allocation to reproduction during the experiment 
(F12,1=1.0,  p=0.34; F12,1=0.1, p = 0.76, respectively).  
 
Multivariate Analysis of digestive enzymes 
The PCA decomposed the data onto two PCs (with eigenvalues larger than 
1), which together explained ~ 80% of the data. PC1, which explained ~ 51% of 
the variance, was generated by positive loadings of NAG, BG and AG. In 
contrast, PC2 which explained ~29% of the variance, resulted primarily from 
positive loadings of AP. The majority of the variance in the data was attributed by 
differences in enzymatic activity between the two guppy ecotypes, while a smaller 
proportion of the variance was associated with experimental diet. This pattern is 
illustrated in the biplot generated from the PCA (Figure 2-3). The extent of these 
trends are evident along component 1 in that 6/7 HP guppies had a score of 
greater than 0.5 along PC1, while 8/8 of LP guppies had score of less than 0.5 
along it.  
 
Body Nutrient Content 
Body length was a significant predictor of the whole body mass of N, P 
and C, (Figure 2-4; Appendix B, Tables S12-14), and no interactions between 
body length and any treatment were significant, indicating the slope of the 
relationship between whole body nutrient mass and length was not affected by 
diet treatment or ecotype (Appendix B, Tables S12-14). Fish on the invertebrate 
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diet averaged more C at a given length than fish on the spinach diet (χ2 = 14.1, p < 
0.01; Figure 2-4; Appendix B, Table S12). Whole body N content was best 
explained by a model with only length (Figure 2-4; Appendix B, Table S13) and 
including diet in the model did not significantly increase the explanatory power 
(χ2 = 2.6, p = 0.11). Whole body P was best explained by length and ecotype, as 
LP guppies had significantly elevated whole body P content at a given length (χ2 
= 7.5, p < 0.01; Figure 2-4; Appendix B, Table S14). Analysis including only 
somatic tissues produced comparable results (supplementary material, tables S2-
10). Analysis of percent of tissue composed of each element and stoichiometric 
measures (C:N, C:P, N:P) are included in Appendix B, Supplemental Tables 6-14.  
 
Discussion 
We found that guppies from HP and LP reaches, reared in a common 
garden experiment from within 4 weeks of parturition for 16 weeks (including 
pre-experimental acclimation), exhibited differences in gut morphology and 
physiology. LP guppies were previously found to have longer guts than HP 
guppies in the wild (Zandonà 2010), and we found LP guppies maintained longer 
guts on the experimental diets. This finding supports our hypothesis that LP 
guppies, which consume lower quality diets in the wild, invest more in gut mass 
even in common garden and when reared on controlled diets. Although we 
expected guppy enzyme activity to follow the adaptive modulation hypothesis 
(Table 2-1) and show a positive correlation between enzyme activities and 
substrate concentrations in the diets associated with each ecotype (e.g., 
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carbohydrate and cellulose rich LP diets and protein and chitin rich HP diets), 
instead we found that HP guppies had higher activities of carbohydrate and 
cellulose digesting AG and BG, and LP guppies had higher expression of 
phosphorus cleaving AP. Our diet treatment did not affect gut morphology or 
enzyme activity. We consider these results in the context of plastic effects and 
population divergence on traits in response to environmentally induced trophic 
niche shifts.  
 
Effect of plasticity versus population divergence on gut morphology 
Gut morphology varies with food quality, and animals that consume diets 
of lower quality tend to have longer guts because low-quality foods require high 
levels of intake to meet nutritional and energetic requirements (Clements & 
Raubenheimer 2006; Kramer & Bryant 1995; Sibly 1981). To accommodate an 
increased rate of intake, a longer gut increases the transit time of food through it, 
enhancing nutrient and energy absorption (Karasov et al. 2011). The high energy 
cost of gut tissues, however, demands large energetic or nutrient returns for 
investment in incremental gut length (Cant et al. 1996). The patterns we observed 
corroborate previous observations that fish from an environment with lower 
quality resources have longer guts (Zandonà 2010; Zandonà et al. 2011). Our low 
quality diet treatment directionally increased gut length (Figure 1), though not 
significantly.  
Predation pressure can also dramatically reduce dietary intake (Werner et 
al. 1983) and, thus, impact gut length. In the wild, HP guppies feed less 
	  	  
55	  
frequently than LP guppies and are more likely to have empty guts, likely due to 
restricted foraging under predation risk (Fraser et al. 2004) (Zandonà, Dalton & 
Sullam unpub. data). This reduced consumption may contribute to shorter gut 
lengths by lowering the rate of intake and enabling longer gut transit times 
without investment in energetically expensive digestive tissue. Predation risk 
induced shorter guts in tadpoles, while competition increased their gut length 
(Relyea & Auld 2004), allowing them to retain food longer, increase their 
absorption of nutrients and energy, and grow faster. Although we did not 
manipulate predation risk in this experiment, preliminary data indicates guppies 
from HP sites have shorter guts when reared with predator cues than without 
(Dalton, unpub. data).  
In addition to plastic effects from predation and diet, gut length also varies 
through genetic mechanisms and be the target of natural selection, as variation 
among individuals is heritable (Charo-Karisa et al. 2007; Wagner et al. 2009) and 
affects fitness in the context of both food quality (German et al. 2010) and 
predation risk (Relyea & Auld 2004). Although variation in gut length can be a 
plastic response to a shorter-term dietary shift (Olsson et al. 2007), our short-term 
(i.e., 10 week) diet quality treatments did not significant affect guppy gut length. 
An adaptive interpretation of this finding is that natural selection, either from 
decreased food quality in LP sites or increased predation risk in HP sites, has 
acted to increase the gut length of LP guppies relative to the ancestral HP ecotype.  
Two important caveats are necessary to this interpretation. First, we only 
compared one HP-LP population pair, so we cannot rule out the hypothesis that 
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the difference we observed was not causally related to predation environment. 
Second, because the guppies in our experiment were collected from the wild in 
their first few weeks of life, it is possible that the observed gut differences were 
not genetic but induced early in development. Our findings, nonetheless, suggest 
that guppy ecotype may be a stronger determinant of gut length than short-term 
change in dietary quality. 
 
Effect of plasticity versus population divergence on enzyme activity 
We found that HP and LP guppies express different gut enzymatic 
profiles. We based our hypotheses on the adaptive modulation hypothesis, which 
posits that animals enhance expression of enzymes for the most abundant 
substrates in dietary items in order to maximize uptake of the most abundant 
dietary nutrients (Karasov et al. 2011). An alternative regulatory strategy is that 
animals may adjust enzyme activity based on nutrient balancing, which is when 
they secrete digestive enzymes that target nutrients in deficit in order to maintain 
nutrient homeostasis (Clissold et al. 2010). These explanations have been 
employed to describe both plastic and evolved responses of enzyme expression to 
different diets (Caviedes-Vidal et al. 2000; German et al. 2004).  
If our results were in line with the adaptive modulation hypothesis, the 
enzymatic activity would follow the expectations outlined in Table 2-1, where up-
regulation of enzyme activity would be dependent on dietary input and match 
available substrate. We find a number of deviations from this expectation. 
Because LP guppies consume a greater proportion of algae and detritus than HP 
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guppies, we expected them to have increased AG and BG activity to match the 
greater proportion of starch and cellulose in their diet. Instead, we found that HP 
guppies had higher AG and BG activity. BG and AG are carbohydrases, and 
increases in their activities enhance the breakdown and assimilation of energy-
yielding carbon compounds (Karasov & Martinez del Rio 2007; Stevens & Hume 
1995). Because HP guppies consume high N and P content diets and are more 
likely to be energy limited than nutrient-stressed LP guppies (El-Sabaawi et al. 
2012), they may obtain greater nutritional benefit from increased access to energy 
yielding C compounds. 
AP was found to be higher in LP guppy guts, and it appears to be 
regulated independently of the other enzymes in guppies (indicated by its loading 
on PC2, figure 3). These observations deviate from the patterns of AG and BG 
and from our hypothesis that HP guppies would have increased AP activity 
because their diet contains a greater proportion of P based on the adaptive 
modulation hypothesis. Instead, we found LP guppies to have greater AP activity, 
which is consistent with nutrient balancing (Clissold et al. 2010) regulation, 
where organisms increase enzymes to help acquire a nutrient in deficit in their 
diet (Koch 1985). Because LP guppies consume material that is less balanced 
with their tissue nutrient requirements (El-Sabaawi et al. 2012), they are more 
likely to be limited by P than HP guppies. Higher expression of AP in LP guppies 
may enhance acquisition of limited P and may be a trait under positive selection 
to accommodate their low P diets.  
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Different mechanisms may be responsible for these alterations in 
regulation and expression of enzymes within fish. Fish may up-regulate their 
enzyme production endogenously through various signaling pathways or gut 
microbes may contribute to these physiological processes. Microbes harvested 
from fish guts can produce a variety of digestive enzymes (see (Ray et al. 2012) 
for a review), and fish possess gut microbial communities that correspond to their 
diet (Sullam et al. 2012). Furthermore, work on Nile tilapia, an omnivorous fish, 
suggests that microbiota can directly supply amino acids to their hosts when 
dietary sources are insufficient (Newsome et al. 2011). Microbial production of 
enzymes within guppies as a possible source of this variation should be 
considered, but this would need to be tested through experiments with gut 
bacterial and dietary manipulations. 
From our analyses, HP and LP guppy populations from the Aripo River 
appear to have dramatic gut physiological and morphological differences. 
Because we did not test assimilation efficiency directly in this experiment, a main 
question still remains: do these difference in gut length and enzymatic activities 
result in modification of their biology and, potentially, their fitness? To gain 
insights into the potential impact of these physiological processes, we analyzed 
body nutrient content of the guppies after the experimental manipulation. The 
body composition analyses suggest that the higher P content in the bodies of LP 
guppies may reflect the increased phosphatase in their guts. 
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Relationship of gut enzyme activity to body nutrient composition 
Fish fed the invertebrate diet had higher carbon relative to nitrogen 
content, presumably due to increased lipids. LP guppies in this experiment 
maintained higher, length-specific whole-body P mass (Figure 2-4) than HP 
guppies. These differences are likely related to structural differences in skeletal 
investment related to body shape between HP and LP guppies (Hendrixson et al. 
2007; Torres-Dowdall et al. 2012). Variation in whole-body P content within 
species, however, can also reflect the availability of P in the diet (Baeverfjord et 
al. 1998; Ketola & Richmond 1994). The higher body P of LP guppies might 
indicate increased P acquisition due to the higher AP expression observed, yet 
more investigation is needed to test this directly. In Daphnia, AP activity 
increases in response to short-term decreases in dietary P (McCarthy et al. 2010). 
The relationship between dietary phosphorus and gut enzyme activity may 
influence nutrient homeostasis, enabling organisms to adapt to a 
stoichiometrically imbalanced world. 
 
Potential for ecosystem consequences 
Our analyses reveal that population level differences in enzyme activities 
and elemental content exist in HP and LP Trinidadian guppies collected from the 
wild. Phosphatase activity differs substantially between populations and may 
contribute to the variation in body nutrient composition observed at the end of our 
dietary manipulation experiment. Such a difference in nutrient processing and 
retention at the whole-population level could have impacts on nutrient cycling, 
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and so digestive enzymatic activity and digestive capacity could be ecosystem 
effect traits (Matthews et al. 2011b) on which selection could act. Fish play a 
significant role in nutrient cycles and can also affect river reaches by creating 
biogeochemical hotspots and altering nutrient flows (2008; Taylor et al. 2006). 
This study suggests that in addition to species identity, ecotype should be 
considered as a factor in nutrient cycling as nutrient retention is a trait that can 
vary within closely related populations of the same species. 
 
Conclusions 
This work indicates that there is a possibility LP and HP guppies may 
have adapted to their diverse resource environments and feeding regimes through 
differential enzyme activity and nutrient assimilation. We found guppy ecotypes 
show variation in their enzyme activity and gut morphology that is expected based 
on their long-term differences in dietary quality, and a short-term alteration in diet 
failed to alter these patterns. Short-term differences in diet were instead met with 
changes in growth and with altered carbon content. However, P differed 
according to ecotype and LP guppies had more P per unit of standard length, 
which may be a reflection of the higher AP activity in their guts.   
Guppies are not the only animals that have exhibited population level 
differences in enzyme activities and gut morphology (German et al. 2010; Horn et 
al. 2006; Tracy & Diamond 2005), suggesting that such physiological divergences 
may be adaptations to resource availability and diet. Our study provides additional 
support that adaptive responses in gut morphology and gut enzyme activity may 
	  	  
61	  
accommodate dietary differences and that these traits may also be linked to 
alterations in nutrient processing.  
Knowledge of the ways in which organisms adapt to new diets is 
especially relevant today given that ecosystems are experiencing an 
unprecedented loss of biodiversity due to human modification of the environment 
(Thomas et al. 2004). As ecosystems are altered, dietary shifts may become 
necessary in order for populations or even entire species to avoid extinction. As 
such, it is crucial to understand the capacity of both individual organisms and 
evolutionary lineages to make such shifts, including the adaptive dynamics of gut 
physiology (Karasov & Martinez del Rio 2007; Karasov et al. 2011) and 
interaction of digestive features, body condition and fitness.
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Tables: 
Table 2-1: Summary of enzymes, their ecological function, substrate proxy, concentration used and hypothesis for the experiment 
 
    
Enzyme Enzyme Function Substrate
Concentration 
Used (µM)
Hypothesis under 
AMH*: Ecotype^
Hypothesis under 
AMH: Diet
!-glucosidase (AG)
breaks down starch into 
glucose
4-Methylumbelliferyl-!-D-
glucopyranoside 2000 LP will have elevated
Low quality diet will 
have elevated
"-glucosidase (BG)
degrades cellulose into 
glucose
4-Methylumbelliferyl-"-D-
glucopyranoside 2000 LP will have elevated
Low quality diet will 
have elevated
N-acetyl-"-D-
glucosaminidase (NAG)
releases N-acetyl 
glucosamine from chitin
4-Methylumbelliferyl-N-
acetyl-"-glucosaminidase 2000 HP will have elevated
High quality diet will 
have elevated
Alkaline Phosphatase (AP)
releases phosphorous 
from organic compounds
4-Methylumbelliferyl-
phosphate 400 HP will have elevated
High quality diet will 
have elevated
* AMH is the Adaptive Modulation Hypothesis, which posits that as substrate availability increases, enzymatic activity correspondingly increases. 
^Ecotype describes the predation level (high predation - HP and low predation - LP) to which the two Trinidadian guppy populations are subjected in 
the wild. The two ecotypes are known to differ in a variety of traits.
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Table 2-2: Effects of Ecotype and diet on gut morphology and enzyme activity 
per gram of tissue (nmol g-1 min-1)  
 
   
!2 p
Gut Length
Ecotype*Diet 1.59 0.21
Diet 0.14 0.71
Ecotype 8.46 <0.01 **
Gut Weight
Ecotype*Diet 4.58 0.10
Diet 0.68 0.41
Ecotype 13.43 <0.01 **
Alkaline Phosphatase (AP)
Ecotype*Diet 0.03 0.87
Diet 2.89 0.09
Ecotype 10.15  < 0.01 **
"-glucosidase (AG)
Ecotype*Diet 1.75 0.19
Diet 0.84 0.36
Ecotype 6.66  < 0.01 **
!-glucosidase (BG)
Ecotype*Diet 0.11 0.74
Diet 0.22 1.48
Ecotype 6.66  < 0.01 **
N-acetyl-#-D-glucosaminidase (NAG) 
Ecotype*Diet 1.84 0.17
Diet 4.00 0.05 *
Ecotype 2.66 0.10
* represents significance at p = 0.01-0.05 and ** 
represents significant values at p < 0.01.
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Figures: 
Figure 2-1: Size standardized gut length and weight comparison of guppies. Size 
standardizations to visualize the results and account for allometry (Torres & 
Vanni 2007) were made by calculating the size corrected gut characteristic (i.e. 
length or weight) = gut characteristic/ standard length of fish^(slope of all 
individuals’ log gut characteristic/ log standard length).  
 
Figure 2-2: Enzyme activity per gram of gut per minute for LP and HP guppies. 
 
 
!
!
0.025
0.030
0.035
Invert Spinach
Experimental Diet
Si
ze
 S
ta
nd
ar
diz
ed
 G
ut
 L
en
gt
h
!
!
8.0e−07
9.0e−07
1.0e−06
1.1e−06
1.2e−06
1.3e−06
Invert Spinach
Experimental Diet
Si
ze
 S
ta
nd
ar
diz
ed
 G
ut
 W
eig
ht
HP 
LP 
Diet: 
Invert 
Spinach 
Ecotype: 
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
50
60
70
80
90
100
Invert Spinach
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pre )
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
inach
factor(pred)
!
!
HP
LP
70
80
90
100
110
I v rt i c
nm
ol 
g−
1 
m
−1
factor(food)
Invert
Spinach
factor(pred)
HP
LP
50
60
70
80
90
100
I v rt i c
factor(food)
Invert
Spinach
factor(pred)
HP
LP
150
200
250
I v rt i c
ri t l i t
nm
ol 
g−
1 
m
−1
factor(food)
Invert
Spinach
factor(pred)
HP
LP 200
300
400
I v rt i c
ri t l i t
factor(food)
Invert
Spinach
factor(pred)
HP
LP
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
50
60
70
80
90
100
Invert Spin
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
P
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
50
60
70
80
90
100
Invert Spinach
factor(food)
! Invert
Spinach
factor(pred)
!
!
P
LP
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
e  i  
xperimental Diet 
I t Spinac  
xperimental Diet 
Si
ze
 S
ta
nd
ar
di
ze
d 
G
ut
 L
en
gt
h 
Si
ze
 S
ta
nd
ar
di
ze
d 
G
ut
 W
ei
gh
t 
!
!
1.85
1.90
1.95
2.00
Invert Spinach
log
(n
m
ol 
g−
1 
m
−1
)
!
!
1.7
1.8
1.9
2.0
Invert Spinach
log
(n
m
ol 
g−
1 
m
−1
)
!
!
2.1
2.2
2.3
2.4
Invert Spinach
Experimental Diet
log
(n
m
ol 
g−
1 
m
−1
)
!
!
1.9
2.1
2.3
2.5
2.7
Invert Spinach
Experimental Diet
log
(n
m
ol 
g−
1 
m
−1
)
!
!
1.85
1.90
1.95
2.00
Invert Spinach
log
(n
m
ol 
g−
1 
m
−1
)
!
!
1.7
1.8
1.9
2.0
Invert Spinach
log
(n
m
ol 
g−
1 
m
−1
)
!
!
2.1
2.2
2.3
2.4
Invert Spinach
Experimental Diet
log
(n
m
ol 
g−
1 
m
−1
)
!
!
1.9
2.1
2.3
2.5
2.7
Invert Spinach
Experimental Diet
log
(n
m
ol 
g−
1 
m
−1
)
N-acetyl-!-D-glucosaminide 
Alkaline Phosphatase 
"-glucosidase  
!-glucosidase  
HP 
LP 
Diet: 
Spinach 
Ecotype: 
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
fact r(f
I v rt
Spinach
factor(pred)
HP
LP
!
!
50
60
70
80
90
100
Invert Spinach
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
inach
factor(pred)
!
!
HP
LP
70
80
90
100
110
I v rt i c
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
50
60
70
80
90
100
I v rt i c
factor(food)
Invert
Spinach
factor(pred)
HP
LP
150
200
250
I v rt i c
ri t l i t
nm
ol 
g−
1 
m
−1
factor(food)
Invert
Spinach
factor(pred)
HP
LP 200
300
400
I v rt i c
ri t l i t
factor(food)
Invert
Spinach
factor(pred)
HP
LP
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
50
60
70
80
90
100
Invert Spinach
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
P
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
70
80
90
100
110
Invert Spinach
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
50
60
70
80
90
100
Invert Spinach
factor(food)
! Invert
Spinach
factor(pred)
!
!
P
LP
!
!
150
200
250
Invert Spinach
Experimental Diet
nm
ol 
g−
1 
m
−1
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
!
!
200
300
400
Invert Spinach
Experimental Diet
factor(food)
! Invert
Spinach
factor(pred)
!
!
HP
LP
vert 
lo
g 
(n
m
ol
 g
-1
 m
-1
) 
lo
g 
(n
m
ol
 g
-1
 m
-1
) 
lo
g 
(n
m
ol
 g
-1
 m
-1
) 
lo
g 
(n
m
ol
 g
-1
 m
-1
) 
Invert Spinach Invert Spinach 
Invert Spinach Invert Spinach 
Experimental Diet Exp ri ental Diet 
	  	  
65	  
Figure 2-3: Principal component analysis (PCA) of enzymatic activity in guppies. 
The scalars represent loadings of each variable onto each component. The percent 
values indicate the proportion of the variance explained by each component.  
 
Figure 2-4: The average fish nutrient content per tank (loge transformed) by the 
average fish standard length (loge-transformed) per tank for carbon (A), nitrogen 
(B) and phosphorus (C). LP guppies are shown in open gray symbols and HP in 
filled black. Circles represent invertebrate-reared fish and triangles represent 
spinach-reared fish. Trend lines are the best fit of a simple linear model of 
Log(BodyNutrient) as a function of Log(SL) for each treatment group, with solid 
lines denoting invertebrate diet, dashed lines denoting the spinach diet, black 
representing HP guppies, and gray indicating LP guppies. 
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CHAPTER 3: STREAM AND POPULATION BACKGROUND DRIVE TRINIDADIAN 
GUPPY GUT BACTERIAL COMMUNITIES 
 
Abstract: 
 The consortium of microbial communities living in and on animals can 
strongly influence their hosts’ biology and fitness, yet few studies have 
investigated gut bacteria of fish, which are often keystone species in aquatic 
environments. Using 454 pyrosequencing, we explore the composition of gut 
bacterial communities from Trinidadian guppies, Poecilia reticulata, across 
different predation regimes in four streams within Trinidad’s Northern Range. We 
find that population and stream of origin significantly affect guppy gut bacterial 
communities and that, after a dietary manipulation, populations still exhibit 
differences in gut bacteria. Additionally, few bacteria are shared between guppy 
guts and their environment, suggesting a unique gut community within guppies. 
Our findings add to the growing body of research indicating gut bacterial 
community variation exists in a recognizable and non-random pattern among 
populations of the same species, suggesting that an organism’s microbiome is a 
trait that exhibits variation and may influence ecological and evolutionary 
processes. 
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Introduction: 
Bacteria are increasingly recognized to play a fundamental role in animal 
biology in terms of development, health, reproduction and metabolism, and the 
study of these ubiquitous organisms is a new imperative for the life sciences 
(McFall-Ngai et al. 2013; Semova et al. 2012; Tremaroli & Backhed 2012). 
When animals are raised in the absence of bacteria, the development of their 
immune and digestive systems are severely impacted (Lee & Mazmanian 2010; 
Rawls et al. 2004). Due to such dramatic effects from microbial communities, 
animals are increasingly viewed in a holobiont context (Brucker & Bordenstein 
2013; Zilber-Rosenberg & Rosenberg 2008). Therefore, the genes of both 
symbiotic communities and their hosts are seen as integral parts of animal 
biology, and the genomic contributions of bacteria are thought to considerably 
impact host biology and evolution. Extreme examples of such contributions 
include a large number of sap-, wood-, and blood-eating insects, which rely on 
their obligate symbionts for important metabolic pathways (Douglas 2009). 
Facultative bacteria can also greatly alter the biology of their hosts, including 
their capacity for harvesting energy and altering their metabolism (Bäckhed et al. 
2004; Brestoff & Artis 2013; Turnbaugh et al. 2006).  
Within diverse animal taxa from insects to mammals, gut bacteria are 
found to play fundamental roles in nutritional ecology and digestion. Evidence for 
reciprocal effects between hosts and their microbial communities has been 
obtained from mammals, where both host phylogeny and diet influence the 
structure and diversity of their gut bacterial communities (Ley et al. 2008b). Gut 
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microbial communities has enabled the mammals to expand their dietary niche 
into herbivory (Ley et al. 2008b) since the microbes are necessary for them to 
breakdown complex plant polysaccharides (Zhu et al. 2011). In insects, diverse 
microbes in various hosts are involved with a broad array of functions, including 
nutrient provisioning and defense (Douglas 2009). In addition to the variation 
among host species in their gut microbiome, there is also individual variation in 
gut bacterial communities, which can result in the alteration of host performance 
and ability to utilize its diet (Douglas 2009; Turnbaugh et al. 2006). 
Because of the impact that bacteria can have on their hosts, it is important 
to characterize the diversity of gut bacteria in wild populations and the factors 
shaping their community composition. But to date, intra- and inter-specific studies 
of gut community variation in vertebrates have largely focused on the mammals. 
Fish, however, are the oldest and most diverse group of vertebrates. They are also 
the first to have evolved adaptive immune systems, which are known to affect and 
be affected by gut microbes of mammals. What we do know about fish gut 
bacteria suggests that salinity and feeding ecology are correlates of community 
composition and that gut bacteria of herbivorous fish are related to fermenting gut 
microbes of mammals, with potential specialization on a symbiotic lifestyle 
(Sullam et al. 2012). Additionally, a recent study on zebrafish has provided one of 
the only glimpses into intraspecific variation in fish gut symbionts. Findings 
suggested the presence of a core group of bacterial species in lab reared 
populations and one field population (Roeselers et al. 2011). The presence of a 
correlation between host ancestry and community similarity, coupled with such 
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relationships in mammals like the great apes (Ochman et al. 2010), raise questions 
about whether community divergence will typically track host divergence, 
through co-diversification or other means. Beyond these studies, we can make 
few generalizations about fish gut microbiota, leaving many open questions about 
the effects of habitat and diet, and the stability of gut bacteria across populations 
and rearing conditions. 
 In this study, we investigate the interplay among gut bacteria, host ecology 
and population history in the Trinidadian guppy, Poecilia reticulata. Guppies that 
live in Trinidadian streams have been the focus of many evolutionary studies and 
are classically categorized by the predation regime in which they live (Magurran 
2005). In downstream, high predation (HP) habitats, a diverse predator 
community preys upon guppies, while the predation threat for guppies in 
upstream, low predation (LP) habitats populations is drastically reduced due to 
barrier waterfalls that have prevented the dispersal of guppy predators. Because 
several of adaptations, including various life-history and sexually selected traits, 
have evolved in parallel in different streams, P. reticulata serves as a useful 
model system for studies of natural and contemporary evolution of HP and LP 
guppy ecotypes (Reznick et al. 1996). Additionally, recent work has found that 
the trophic ecologies of guppies from HP and LP habitats diverge, and HP 
guppies eat significantly more invertebrates than their LP counterparts, which 
instead consume more detritus and diatoms (Zandonà et al. 2011). These 
differences in dietary preferences have also been observed in common-garden 
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(Bassar et al. 2010) and appear to be related to differences in gut morphology and 
physiology (Sullam et al. In preparation). 
To better understand the variation in natural guppy gut communities, we 
utilized next generation, 454 amplicon pyrosequencing of 16S rRNA genes to 
analyze bacterial communities from the guts of HP and LP guppy ecotypes from 
four different streams. We have also used this approach to characterize bacteria 
from the surrounding environment and to explore effects of diet on gut 
communities after a controlled laboratory manipulation. Our results, thus, yield 
insights into the stability and origins of gut symbionts in this important model 
system, providing one of the first and most complete glimpses into inter-
individual variation in symbionts of fish. 
 
Methods: 
Field Collections: 
Our study consists of data from two field surveys and one dietary 
manipulation experiment. Both field surveys, which were conducted during the 
dry seasons in 2010 and 2011, respectively, took place in mountain streams in the 
Northern Range of Trinidad, West Indies. The 2010 field survey was carried out 
to assess gut bacterial diversity across streams and guppy populations. During this 
first field survey from April 20 through May 2, 2010, 40 Trinidadian guppies 
were collected from environments that are known to have either high predation 
(HP) pressure due to the presence of multiple predator species or low predation 
(LP) pressure where guppies live with just one other fish species, Rivulus hartii, 
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which is thought to compete with guppies and only rarely consume them (Reznick 
et al. 1996). We collected these guppies form 4 streams, including three drainages 
on the southern slope of the Northern Range: the Aripo and Guanapo Rivers, 
which are part of the Caroni drainage and the Quare River, which is part of the 
Oropouche drainage. The Marianne was the fourth stream sampled from the 2010 
survey; this differs from the other three streams in that it is located on the North 
slope of the Northern Range and is a separate drainage. All guppies collected 
were adult females with a standard length greater than 15mm, and the guppies 
included in this study did not significantly differ in standard lengths among the 
sites. For the gut length analysis, 10-15 additional female guppies were collected 
from each site.  
The 2011 survey’s purpose was to compare guppy gut microbes to 
environmental microbes, to see if gut microbial communities in fish correspond to 
those found in the environment. The second survey took place between March 
and April 2011, during which sediment, water and guppy gut samples were 
collected from three different locations in the Guanapo River to compare gut 
microbial composition to environmental samples within one drainage. The 
locations along the Guanapo included a high predation, low predation and a site 
that has an intermediate location between the two. The intermediate site also has 
fewer predators than the HP site in the Guanapo: for example, it lacks Crenicichla 
alta which is in the HP site, but has Hoplias malabaricus, which is absent from 
the LP site(Gilliam et al. 1993). All wild caught fish were collected with butterfly 
nets and were starved for 8-12 hours before sacrificing with MS-222 (Sigma, 
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USA). Whole guppies preserved in 95% ethanol for the bacterial analysis and 
70% ethanol for the gut length analysis and were transported to Drexel University 
where the dissections were performed. Following the dissections, pictures with a 
digital camera were taken of guts for length measurements, which were made 
using ImageJ. 
At the conclusion of the second survey on April 6 2011, guppies were 
collected from an Aripo HP and LP site (as described (Sullam et al. In 
preparation)) and transported to Cornell University for the a dietary manipulation 
study. The gut microbial communities of 14 guppies from the dietary 
manipulation experiment are included in this analysis. In addition to the collection 
of guppies for the dietary manipulation experiment, three adult guppies also were 
collected from these HP and LP Aripo sites starved for 10-12 hours and then 
euthanized. All field collections were approved under IACUC #18560 at Drexel 
University and lab experiments under IACUC protocol 2008 – 0106 at Cornell 
University. 
At the Guanopo River sites, 1 L of water was filtered through a Sterile 60 
cc Luer Lock Tip syringe (BD, USA) and 25 mm Nuclepore Track-Etched 
Membranes (Whatman, USA), which were autoclaved before use. Sediment 
samples were collected by scraping the surface of the sediments and then placing 
them in sterile Whirlpak bags.  
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Dietary Experiments: 
The experimental set-up was previously described by Sullam et al. (In 
preparation). Briefly, LP and HP guppies were randomly assigned to tanks that 
were spatially blocked, and fed a predominately spinach or invertebrates to reflect 
the diet of guppies previously found in the Aripo and Guanapo rivers (Zandonà et 
al. 2011). Males were included in the tanks because females decrease energy 
assimilation in the absence of male guppies (Reznick 1983), but only 
measurements of females were used in this study. All tanks had the same male to 
female ratio (1:3) and all female guppies were reproductive over the course of the 
entire experiment.  The diet manipulation commenced on June 7, 2011 and 
proceeded for 10 weeks.  The fish were fed equal calories of the two diets (i.e. 
1.6× more spinach diet by dry mass) at a level in excess of estimated daily caloric 
demands (Reznick 1983), so that the fish on the invertebrate diet received 
approximately 6% more protein and 200% more lipids than fish on the spinach 
diet, while those on the spinach diet had 340% more carbohydrates than those on 
the invertebrate diet (Sullam et al. In preparation). 
 
DNA Extraction and Sequencing: 
Guppy guts were dissected with sterile instruments and were washed in 
70% ethanol and sterile water prior to extraction. Fish DNA was extracted from 
whole guts of guppies using the MO BIO Power Soil Kit, following the 
manufacturer’s protocol. Whole filters were cut into small pieces with sterile 
scissors and also extracted with the MO BIO Power Soil kit. For sediment 
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samples, approximately 0.5 g of fine benthic organic matter/sediment sample, 
which was scrapped from the bottom of the stream, was also extracted using the 
MO BIO Power Soil kit. An additional heating step of 65°C for 10 minutes was 
added to the MO BIO protocol for all samples except the gut samples from the 
dietary manipulation for which the extra 10 minute heating step was skipped. 
Bacterial tag-encoded FLX-titanium amplicon pyrosequencing (bTEFAP) of 16S 
rRNA amplicons was carried out at Research and Testing Laboratories (Lubbock, 
TX) using the following primers: 104F (5'-GGCGVACGGGTGAGTAA-3') and 
530R (5'-CCGCNGCNGCTGGCAC- 3'). Pyrosequencing produced 462,193 
amplicon reads that were included in the analysis. 
 
Data Analysis: 
Acacia (v. 1.52) was used to error-correct the amplicon 454 
pyrosequencing reads (Bragg et al. 2012) with an average quality cutoff score of 
30. The output from Acacia was then demultiplexed using Qiime. The Qiime 
pipeline was followed with default parameters (Caporaso et al. 2010) unless 
otherwise noted. Briefly, these steps included excluding sequences with any 
primer errors or more than one base pair error in the barcode, removing barcodes, 
truncating the sequences at the reverse primers, picking operational taxonomic 
units (OTUs) with uclust at .97 similarity level, and aligning OTU reference 
sequences against the Greengenes reference alignment. Chimera checking was 
performed using ChimeraSlayer and 16S rRNA regions with only gaps or those 
with excessive variation were filtered using the Greengenes Lane Mask file. The 
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BLAST algorithm, using the Greengenes database as a reference, was used for 
taxonomic classification of the sequences. Any sequences that were either 
classified as chloroplasts or failed to classify to bacteria were excluded from 
further analysis. After filtering out low quality sequences, chimeras, choloroplasts 
and sequences that did not classify to bacteria, 234,725 reads were included for 
further analysis.  
 
Statistical Analyses: 
The statistical analyses presented in this paper are based on three sets of 
distance matrices from which principal coordinates were calculated to compare 
community similarity. The first distance matrix used was an unweighted UniFrac 
distance matrix (Lozupone & Knight 2005) produced through the Qiime pipeline 
based on data rarified to 800 reads per sample. UniFrac considers shared branch 
length when calculating distance between two samples, and therefore uses 
phylogenetic information to calculate community similarity. In the second and 
third approaches, we treated each OTU as a separate entity regardless of their 
relatedness and focused on OTU data in a table with 800 rarified reads per library. 
To compare community similarity based on OTU abundance, a Hellinger 
Transformation, which transforms the distances to Euclidean distances by taking 
the square root of the data and dividing it by row totals, was applied to the rarified 
OTU table, a recommended procedure for species abundance data (Legendre & 
Gallagher 2001). The Hellinger Transformation was followed by the calculation 
of a Bray-Curtis distance matrix from which principal coordinates were derived. 
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To compare community similarity based on presence-absence of OTUs, a 
Jaccard-distance matrix was calculated also on the rarified OTU table. ANOVAs 
on distance based redundancy analyses (dm-RDA) using the principal coordinates 
were run (Legendre & Anderson 1999), and  P-values were established for model 
attributes based on 9999 random permutations of all principal coordinates. In 
addition, Adonis from the vegan community ecology package (Oksanen et al. 
2013) was used to compare community similarity with 9999 permutations. In 
order to group samples into “enterotypes,” the function cascadeKM in vegan was 
used on the rarified abundance matrix to 1) determine the best number of 
partitions using the Calinski-Harabasz criterion, and 2) to assign samples to these 
partitions or enterotypes. The statistical analyses were performed in R (v3.0.1; R 
Development Core Team 2013 (R Core Team (2013) R: A language and 
environment for statistical computing. R Foundation for Statistical Computing)). 
 Network analyses were constructed in Qiime and visualized using 
Cytoscape v. 3.0.2. The edge-weighted spring embedded algorithm was used to 
display the OTUs and sample nodes. This layout essentially brings together more 
similar nodes (i.e. microbial communities—in this case, mostly those from fish 
guts) because they are treated as physical objects in this algorithm where they 
repel each other while connections between them (i.e. shared OTUs) minimize 
their distance apart. OTUs were deemed to comprise “a core set” if they were 
found within ≥ 50% of samples. The core sets were identified separately for the 
wild HP and LP fish as well as environmental samples. A search for the three 
closest BLASTn hits of the core set of the gut and environmental samples was run 
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on September 24, 2013. If the 3 top BLASTn hits for each OTU overlapped with 
other BLASTn hits found for other OTUs in each category (i.e. HP guppy, LP 
guppy or Environment), then it was only counted once towards that category’s 
BLASTn hits. Therefore, the top 3 BLASTn hits were paired down to 81 unique 
hits from the environment, 22 unique hits from HP guppies and 33 unique hits 
from LP guppies. Because some LP and HP guppy hits overlap, they are labeled 
“BOTH_GUPPY” in Supplementary Table 1. 
The heatmaps, including one of the core gut and environmental microbiota 
and one of all OTUs, were constructed using heatmap.2 in R. The sample 
dendrograms shown in the heatmaps, were created through UPGMA clustering in 
Qiime based on the unweighted UniFrac distance matrix of rarified bacterial 
communities to 800 reads per sample. To built the phylogeny used in the core 
microbe heatmap figure, we first aligned the sequences in Qiime, using Infernal 
(Nawrocki et al. 2009), which takes into consideration the secondary structure 
annotation, using the template file provided on the Qiime website: 
http://bmf.colorado.edu/QIIME/seed.16s.reference_model.sto.zip. Following 
alignment, the tree was constructed using RaxML and constrained according to 
class based on the bacteria phylogeny published by Wu and colleagues (Wu et al. 
2009). The tree was rooted with an archaeal outgroup: Haloquadratum walsbyi 
(Accession # FR746099). 
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Results: 
Wild guppy gut microbial communities: 
 The 2010 and 2011 gut microbial survey from four different streams 
revealed diverse gut microbial communities among the 55 fish sampled in this 
survey (Figure 3-1) with guppies from the same habitat showing a relatively high 
degree of inter-individual variability. A number of trends were evident in certain 
streams, including the predominance of Fusobacteriales in the Marianne, which 
account for over 50% of the reads in all 10 samples. Additionally, the Aripo, 
Guanapo guppies, and Quare HP guppies to a lesser extent, show a greater 
enrichment of Mycoplasmatales. 8/10 fish from the 2010 Guanapo survey and 8/9 
fish from the 2011 Guanapo survey had more than 50% of their reads classified to 
Mycoplasmatales, suggesting temporal stability in their gut communities. The 
Aripo guppies had a greater enrichment of Mycoplasmatales in the 2011 survey. 
Many other fish (14/40, counting all guppies in the 2010 survey), particularly 
within the Quare (5/10), had a predominance of Proteobacteria in their gut 
bacterial communities. 
 The gut microbial community composition was then compared using 
principal coordinates analysis on two difference distance matrices 1) an 
unweighted UniFrac distance matrix, and 2) a Bray-Curtis distance matrix. Both 
of these calculations showed a separation of bacterial communities according to 
ecotype and stream (Figure 3-2), and both showed a significant difference in 
PCoA values according to ecotype, stream and the interaction of the two (Table 3-
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1), and these results were supported by community composition comparisons 
using Adonis (Appendix C, Supplementary Table 2).  
 
Guppy gut microbial communities from the dietary manipulation: 
 After 10 weeks on a spinach- or invertebrate-based diet, HP and LP fish 
exhibited distinct gut bacterial communities (Figure 3-3; Appendix C, 
Supplementary Figure 1). Using the unweighted UniFrac distance matrix, we 
found that guppy ecotype had significantly different gut bacterial communities 
(F(1,10)  = 3.143, p = 0.002), while diet treatment (F(1,10)  = 1.271, p = 0.201) and 
the interaction of diet and ecotype (F(1,10)  = 1.354, p = 0.157) had no effect on the 
bacterial community composition of guppies. The differences between the dietary 
treatments were also evident form the separation of their samples based on the 
hierarchical clustering analysis shown in Appendix C, Supplementary Figure 2.  
 
The core gut microbiome 
 When we calculated the core OTUs as those that were those found within 
>50% of the samples from the wild, we found HP guppies have a core set of 
microbes comprising of 15 OTUs and LP guppies have a core set of microbes 
made up of 14 OTUs. Six of these OTUs comprised core microbes of both HP and 
LP guppies. We also found the environmental samples to have a core set of 28 
OTUs, none of which overlapped with guppy core microbes. By analyzing the top 
three BLASTn hits of the core guppy OTUs, we found that approximately 40% of 
all of the unique top hits for LP and HP guppies matched with bacteria derived 
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from other, non-guppy fish guts (Appendix C, Supplementary Figure 3 & 
Supplementary Table 1).  
Additionally, certain core gut microbiota were enriched in the guts of 
guppies (Figure 3-4). In particular, the three noticeably dominant core bacteria 
were: 1) a Tenericute bacterium from the Mycoplasmataceae family, 2) the 
bacterium Cetobacterium somerae in the phylum Fusobacteria, and 3) a 
proteobacterium in the Aeromonadaceae family. Different groups of guppies 
appear to be dominated by one of the 3 aforementioned OTUs. Specifically, 
Guanapo, 2011 Aripo and a few Quare LP fish were enriched for an OTU in the 
Tenericutes, while mostly Marianne fish were dominated by the Cetobacterium 
somerae OTU.  A few Quare, Marianne and Aripo fish (2-3 from each group) 
were dominanted by the aforementioned OTU in the Proteobacteria. When each 
of these enriched OTUs from wild guppies was searched through BLASTn for its 
closest relative in the GenBank database, we found that each had a closest hit that 
was originally derived from a fish gut. The closest hit of the Tenericutes OTU 
was originally found in the hindgut of mudsuckers (accession #DQ340193). The 
closest hit of the Fusobacteria OTU was previously identified in the gut contents 
of the common carp (accession  #AB665782), and the third enriched OTU from 
the Proteobacteria most closely related to a microbe from a zebrafish gut 
(accession #HM780240). 
The dominant bacteria from the wild fish populations shifted in the 
laboratory (Appendix C, Supplementary Figure 1), and LP fish were dominated 
by a Spirochaete bacterium, which had a closest BLASTn hit to a bacterium found 
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in the duodenum of a dog. The OTU that was dominant in LP lab reared fish were 
also found in 13/55 wild fish, including 8 LP fish, 2 HP fish and 1 IP fish, but at 
much lower abundances. HP fish in the lab were dominated by a bacterium from 
the Firmicutes, which was closely related to an intestinal bacterium from a fish, 
Sciaenops ocellatus. This dominant OTU in HP lab reared fish was found in 6 
wild fish, including 5 HP fish and 1 LP fish, also at much lower abundances.  
It was determined that all fish gut samples, including those from the wild 
and the dietary study, were optimally partitioned in to 6 enterotypes (Appendix C, 
Supplementary Table 3). These groupings also appeared to correlate to the 
dominance of certain OTUs (Appendix C, Supplementary Figure 4) some of 
which overlap with the core bacteria found in wild fish. The enterotypes were 
found to be dominated by an OTU from the following classifications: 
Fusobacteria (dominant in group 1), Proteobacteria (dominant in group 2 and 6), 
Firmicutes (dominant in group 3), Tenericutes (dominant in group 4), or a 
Spirochaetes (dominant in group 5).  
 
Comparison of environmental and guppy gut bacteria: 
 We found that gut bacterial communities were distinct from the 
environment samples based on both water and stream sediments. In fact only 5% 
of the OTUs in this analysis were found in both a guppy gut and the environment 
(Appendix C, Supplementary Figure 5), and the environmental samples, 
especially the sediment samples, were much more diverse than the gut microbial 
samples (Appendix C, Supplementary Figure 6). The guppy gut microbial 
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communities from each site within the Guanapo appeared no more similar to its 
sites’ environmental bacteria than to other sites’ environmental bacteria 
(Appendix C, Supplementary Figure 7). It does appear that the sediment samples 
are even more distinct than the water samples from guppy guts, although all 
sample types have distinct bacterial communities as indicated by the RDA based 
on the PCoAs of the unweighted UniFrac distance matrix communities (F (1,11) = 
6.321, p > 0.001). Additionally none of the core microbes from the environmental 
samples and the gut samples (discussed above) were identical (Figure 3-4; 
Appendix C, Supplementary Table 1).  
  
Discussion: 
Both genetic and environmental factors impact the composition of an 
organism’s bacterial community or its gut phenotype. Despite environmental 
influences on gut microbes in animals (Bailey et al. 2010; Spor et al. 2011), more 
related mammalian individuals appear to have more similar microbial 
communities than more distantly related individuals (Faith et al. 2013; Friswell et 
al. 2010; Zoetendal et al. 2001). Additionally, certain loci in the mouse genome 
have been linked to variation within their microbiome (Benson et al. 2010), 
revealing that multiple genes, in addition to environmental factors, have an effect 
in shaping the gut microbial community. Although the phenotype of the vertebrate 
gut microbiome is due to the interaction of environment and genotype (Spor et al. 
2011), it is unclear how these factors interact in nature to shape an organism’s gut 
microbiota, and it is even less clear in non-mammalian species.  
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In this study, we explored the interaction of environment, population 
background, and ecotype in Trinidadian guppies. Guppies have well documented 
evolutionarily derived population differences, including sexually selected 
characteristics such as coloration and life-history traits such as interbrood-
interval, reproductive allocation, and offspring size (Reznick 1982; Reznick & 
Bryga 1996). Additionally, populations of Trinidadian guppies have also been 
found to differ in growth rates, dietary preference and gut enzymatic activity and 
morphology (Arendt & Reznick 2005; Sullam et al. In preparation; Zandonà et al. 
2011). Gut bacteria could potentially influence such traits due to their contribution 
to host metabolism and gut development (Buchon et al. 2009; Semova et al. 2012; 
Tremaroli & Backhed 2012).  
 
Stream and population differences in guppy gut bacteria 
To assess the diversity of the gut microbiome in Trinidadian guppies, we 
sequenced the gut bacterial communities of fish from 4 streams, including LP and 
HP populations of fish (i.e. ecotype). We found a high level of inter-individual 
variation, which has also been found in the study of bacterial communities from 
diverse hosts (Fjellheim et al. 2012; Ochman et al. 2010) and is potentially 
masked in studies that report on pooled samples. Despite this inter-individual 
variation, patterns emerged that show ecotype, stream of origin and their 
interaction significantly influence guppy gut bacterial community composition 
(Figures 3-1 & 3-2, Table 3-1; Appendix C, Supplementary Table 2). The fish 
from the Marianne, which is the only stream sampled from the north slope of the 
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Northern Range, represent the most divergent gut microbial communities (Figures 
3-1 & 3-2). The Marianne fish are also the most genetically distinct fish from the 
other populations, while the Aripo and Guanapo fish are more closely related 
(Willing et al. 2010). Therefore, relatedness appears to influence guppy gut 
bacteria diversity since the Marianne seem to generally have more distinct 
communities, while the Guanapo and Aripo communities are more similar. 
Previous work has found that guppies diet differs across predation regime 
(Bassar et al. 2010; Zandonà et al. 2011), which has resulted in concurrent shifts 
in digestive morphology (gut length and gut weight) as well as differences in 
enzymatic activity (Sullam et al. In preparation). Gut length is often correlated 
with diet, and animals with lower quality diets such as herbivores tend to have 
longer guts than animals with higher quality diets such as omnivores and 
carnivores (Kramer & Bryant 1995). In order to investigate the relationship 
between diet and gut bacteria, we also measured gut lengths of guts from the HP 
and LP populations in the 4 streams in which we conducted our 2010 bacterial 
survey as a proxy of dietary quality. We found that HP populations in all of the 
streams except the Quare had significantly shorter guts than LP populations, 
suggesting that dietary quality does indeed differ between most LP and HP 
populations (Appendix C, Supplementary Figure 8 & Supplementary Table 4). 
Although we observe that three out of the four populations show similar patterns 
in dietary quality between HP and LP guppies based on gut length, we do not find 
convergence of a particular gut bacterial community associated with a low or high 
quality guppy diet across these streams. 
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Guppy ecotypes have different gut bacterial communities, but the significant 
stream × ecotype interaction reveals that the LP and HP trends are stream-
dependent and there do not appear to be parallel shifts in LP and HP gut bacterial 
communities across the various streams. Perhaps gut bacteria are controlled by 
multiple ecological factors that differ among the HP and LP site replicates, and 
the selective forces that control their gut bacteria cannot be divided as easily into 
the discrete categories of HP and LP(Kaeuffer et al. 2012). Additionally, the non-
parallelism we observe in HP and LP fish could also be due to different genetic 
constraints in the various stream populations (Kaeuffer et al. 2012), so that the 
same ecotype in each stream would not necessarily evolve matching microbial 
communities, but still diverge among habitat types within each stream. This could 
be a possible explanation for the patterns in gut microbiota that we observe since 
populations within each stream are more related to each other (Willing et al. 
2010).  
We also tested the supposition that fish gut bacteria are primarily shaped by 
their immediate environment (Nayak 2010) by sequencing water, sediment and 
gut bacteria from three different Guanapo sites. We found that the sample types 
(i.e. water, sediment, gut) had different bacterial communities among the three 
sites within the Guanapo (Appendix C, Supplementary Figures 5 & 7), and only 
5% of the sampled OTUs were shared between environmental and gut samples. 
Within the Guanapo, the bacteria sampled from the environment appeared no 
more similar to the gut bacteria derived from the same site than the gut bacterial 
samples from other sites as illustrated in the distances in the network diagram 
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(Appendix C, Supplementary Figure 7). When we explored the closest BLASTn 
hits of guppy gut core microbes and environmental microbes, their closest 
relatives in Genbank come from divergent habitats. Almost 40% of the core gut 
microbes come from other fish guts, while the environmental BLASTn hits are 
primarily derived from freshwater sediment and groundwater (Appendix C, 
Supplementary Figure 3), illustrating the divergence of fish gut bacterial 
communities from their environment. 
 
Guppy Gut Enterotypes: 
Previous research suggests that three robust clusters of bacterial 
enterotypes exist within humans, which are not geographic or age specific, but 
suggests at least three symbiotic states (Arumugam et al. 2011). In our research, 
we have potentially identified six symbiotic states in wild guppies, in which a 
Fusobacteria, a Tenericute, a Spirochaetes, a Firmicutes or a Proteobacteria OTU 
dominates the bacterial community (Appendix C, Supplementary Table 3 & 
Supplementary Figure 4). Out of the six dominant OTUs found in each 
enterotype, four are closely related to bacteria previously found in other fish, 
including zebrafish, carp, drum and mudsuckers based on BLASTn hits. 
Additionally, the dominant bacterium in enterotype group 1, Cetobacterium 
somera, has been found in a broad array of freshwater fish, including zebrafish 
(Roeselers et al. 2011), goldfish, carp, tilapia and ayu (Tsuchiya et al. 2008). It 
also produces the vitamin B12 (Sugita et al. 1991), and has been previously 
described as an obligate anaerobe of such fish (under the label of “Bacteriodes 
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type A” in previous literature (Sakata et al. 1981; Tsuchiya et al. 2008). Our 
findings suggest that fish may possess a fish-specific core microbiome that shifts 
among states, including the six that we observe.  
Interestingly, although these enterotypes do not strictly adhere to stream or 
ecotype, certain ones seem to be found more regularly in particular streams or 
ecotypes, such as the Fusobacterium enterotype (group 1) in the Marianne fish, 
the Tenericutes enterotype in the mostly Guanapo (group 4), the Firmicutes 
enterotype in the HP fish from the diet manipulation experiment (group 3), and 
the Spirochaetes enterotype in the LP fish from the diet manipulation experiment 
(group 5). Because we see variation in enterotype that correlate loosely with 
stream, factors that correspond to population differences (i.e. immune system 
development) could be relevant in determining the enterotype of that individual.  
 
Dietary Effects on Gut Microbial Communities: 
We took a subset of guppies from the Aripo into the lab and manipulated 
their diets over a 10-week period, after which ecotype differences were markedly 
evident (Figure 3-3). Although ecotype strongly influenced gut bacteria, diet did 
not appear to have a significant effect on bacterial communities within these 
guppies. Previous studies on the effects of fish diet on microbial community 
composition reveal contrasting results. Some studies have found that short-term 
dietary changes do affect gut microbiota (Ringø et al. 2006), while other have 
found that a shift between diets did not significantly shift the gut microbes of 
rainbow trout, Oncorhynchus mykiss or cod larvae (Bakke et al. 2013; Wong et al. 
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2013). As Bakke and colleagues point out many studies that have observed 
changes in microbiota with alterations in gut bacteria were confounded by 
additional factors such as concurrent changes in developmental stage (Bakke et al. 
2013).  
The gut microbial communities of fish reared in the lab are distinct from 
wild fish with the dominance of OTUs that are not abundant in wild populations 
(Figure 3-1; Appendix C, Supplementary Figure 1). A similar distinction between 
wild and lab reared individuals has previously been found when studying 
Drosophila gut bacteria (Chandler et al. 2011), in which lab-reared Drosophila 
populations had rare or absent bacteria in wild populations, and the most abundant 
taxa in the wild were absent in lab-populations. Therefore, the lab environment 
may alter animal physiology or health in a way that enables the proliferation of 
less abundant bacteria in nature, which may explain our observations because the 
dominant OTUs in lab reared individuals were found in very low abundance in a 
number of wild fish individuals. However, despite this shift, strikingly HP and LP 
populations of guppies did not converge and instead remained distinct. Because 
each fish included for this gut bacterial analysis was held in a separate tank from 
all other fish included in this analysis for 14 weeks prior to the sampling of its gut 
microbial communities, the patterns that emerge between LP and HP guppies 
seem to be due to their population backgrounds rather than HP vs. LP tank 
differences. 
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The establishment of a residential community: 
A common paradigm among the fish gut bacterial literature is that the gut 
microbes are colonized from the surrounding environment (Cahill 1990; Nayak 
2010). Our environmental survey shows drastically different bacterial 
communities than what we find in guppy guts (Appendix C, Supplementary 
Figure 5 & 7). Therefore, the bacteria that we find in guts may be present in the 
environment, but it appears that they are not numerically dominant and none of 
the guppy core microbes were found in the environment. Because the bacteria that 
become established in the guts of guppies are at best scarce in the environment, 
fish appear to have a way to select for the establishment of particular microbes. 
One possible mechanism is through bacterial adaptations that enable effective 
colonization. For example, bacteria usually produce uracil, which promotes an 
immune response from the host. The symbiotic bacteria of Drosophila, however, 
do not produce uracil (Lee et al. 2013), possibly promoting their colonization 
within their host. Other mechanisms that may allow certain microbes to thrive in 
the guts could be innate in the host, such as particular genes that affect the gut 
lining, immune function or the production of anti-microbial peptides 
(Franzenburg et al. 2013b). Additionally, stochastic community assembly 
processes may play a role in determining which gut “type” the guppy establishes 
(Yan et al. 2012).  
 In addition to many questions that remain regarding how fish gut bacterial 
communities are established, there also many unresolved questions that relate to 
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their function. In marine, herbivorous fish, gut microbes have an essential role in 
fermentation (Clements et al. 2009). However, in fish that lack specialized gut 
features, such as guppies, the roles of these apparent non-random, specialized 
bacterial communities are less as clear and they may be involved in metabolism or 
immune system development (Bäckhed et al. 2004; Brestoff & Artis 2013).  
 
Implications for Ecology and Evolution in guppies and beyond: 
Although it is evident that bacteria influence their hosts’ biology, it less 
transparent how such effects could impact the evolutionary trajectory of their 
hosts. For instance, do certain bacterial communities enhance the survival and 
reproduction of their hosts? Variation in gut bacteria has been found among many 
animal groups, including humans, mice, fish and insects (Benson et al. 2010; 
Chandler et al. 2011; Friswell et al. 2010; Sullam et al. 2012). Additionally, such 
variation has been linked to differences in biological capabilities. For instance, 
bacterial communities more likely associated with obese people have a better 
capacity for harvesting energy (Turnbaugh et al. 2006), suggesting that variation 
in a gut bacterial phenotype can influence physiological differences.  
In this paper, we have established that different wild populations of 
Trinidadian guppies have variation in their microbial communities. The 
differences are strongly associated with stream location and guppy population 
background, but there is apparent inter-individual variation. Such inter-individual 
variation exists among many polygenic traits that interact with environmental 
factors (Benson et al. 2010; Gillespie & Turelli 1989), and similarly, the gut 
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bacteria phenotype of guppies is most likely due to diverse factors such as genetic 
background, health and their interactions with the environment. An important next 
step is to determine how such variation in wild populations of organisms may be 
linked to host fitness and evolutionary trajectory in nature.  
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Table 3-1: The results of the RDA analysis of PCoA scores showing the effect of 
ecotype, stream and their interaction on bacterial community composition. 
 
 
  
Presence/Absence of bacterial OTUs (Jaccard) 
   df F p-value 
 Ecotype (1,32) 1.4848 0.0116 * 
Stream (3,32) 1.9918 1.00E-04 * 
Ecotype ! Stream (3,32) 1.4859 1.00E-04 * 
Abundance of bacterial OTUs (Bray-Curtis)  
   df F p-value 
 Ecotype (1,32) 2.1782 0.0089 * 
Stream (3,32) 3.9599 1.00E-04 * 
Ecotype ! Stream (3,32) 2.1708 2.00E-04 * 
Unweighted UniFrac Distance  
   df F p-value 
 Ecotype (1,32) 1.8371 8.00E-04 * 
Stream (3,32) 2.2977 1.00E-04 * 
Ecotype ! Stream (3,32) 1.5139 3.00E-04 * 
 !"
 #"
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Figure 3-1: Taxonomic distribution of 454 pyrosequencing reads from 40 
individuals of Trinidadian guppies. The guppies were collected from HP and LP 
sites of 4 streams in 2010 and 2 streams in 2011. Streams and ecotype are listed 
on the x-axis. Bacteria are classified to order by color, with phyla indicated to the 
right of ordinal labels 
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Figure 3-2: Principal Coordinates of guppy bacterial communities from the 2010 
field survey based on A) unweighted UniFrac distance matrix and B) Bray-Curtis 
distance matrix derived from bacterial OTUs. Colors and shapes of means ± SE of 
each of the 8 sampling sites (5 individuals per site) are shown. 
 
 
 
 
  
!0.15 !0.10 !0.05 0.00 0.05 0.10 0.15
!0
.2
!0
.1
0.0
0.1
0.2
Xmeans
Ym
ea
ns
Aripo HP
Aripo LP
Guanapo HP
Guanapo LP
Marianne HP
Marianne LP
Quare HP
Quare LP
PCoA 1: 10.88 % 
PC
oA
 2
: 7
.6
5 
%
 
!0.4 !0.2 0.0 0.2 0.4
!0
.3
!0
.1
0.1
0.2
0.3
Xmeans
Ym
ea
ns
PCoA 1: 25.65% 
PC
oA
 2
: 1
2.
36
 %
 
A 
B 
	  	  
95	  
Figure 3-3: Principal coordinates of guppy gut bacterial community similarity 
from experimental dietary treatments measured by unweighted UniFrac distances. 
Shape indicates treatment diet (invertebrate or spinach based diet) and color 
indicates guppy ecotype (HP or LP). 
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Figure 3-4: Heatmap of core microbes from wild LP and HP guppies and 
environmental samples. Each OTU was determined to be part of the core 
microbiota if found in ≥ 50% of LP guppies, HP guppies or the environmental 
samples. The shade of blue in the heatmap indicates the proportion of reads that 
come from the given core OTU out of all reads for that sample. The colors on the 
left of the heatmap indicate from which stream the guppies were collected, and 
the colors on the right indicate the ecotype of the fish. The samples on the left 
column highlighted in grey are the environmental samples, and the bacterial 
OTUs highlighted in grey are those associated with the environmental core 
bacteria, which although present in ≥ 50% of the environmental samples, do not 
make up a large proportion of any one library. Additionally, any samples with 
“GUP” in the middle of the sample name are from the 2011 survey.  
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CHAPTER 4: THE EFFECT OF TOP-PREDATOR PRESENCE AND PHENOTYPE ON 
AQUATIC MICROBIAL COMMUNITIES  
 
Abstract  
The presence of predators can have profound ecological effects, including 
alterations in nutrient cycling and dynamics as well as modifications in trophic 
and non-trophic interactions, all of which can impact a variety of organisms 
within the ecosystem. The predators’ phenotype, or the combined effect of their 
genotype and environmental condition, including rearing history, can also 
potentially influence ecological interactions within their environment. We tested 
how the presence and phenotype of the predatory threespine stickleback 
(Gasterosteus aculeatus) influenced the aquatic bacterial community of outdoor 
experimental mesocosms. We reared lake and stream stickleback on contrasting 
food resources to investigate how the phenotype of fish impact bacteria in their 
environment. Our experiment consisted of three phases. In phase 1, we found that 
the presence of fish significantly increased bacterial richness and altered the 
composition and size structure of the bacterial community. Additionally, there 
was a significant effect of stickleback phenotype on bacterial community 
composition. In phase 2, when all fish were removed from the experiment, the 
fish and phenotype effects on the microbial community persisted for about a 
month. In phase 3, when a homogenous predator community of juveniles was 
added, the prior effects of fish disappeared. Our results suggest that the strong 
effect of fish on bacterial communities could influence fundamental 
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biogeochemical processes that underlie both the abiotic and biotic structure of 
ecosystem and overall ecosystem functioning.  
 
Introduction 
 Top predators can affect the biodiversity, composition and structure of 
lower trophic levels (Letnic et al. 2012; Sergio et al. 2005) over a broad range of 
ecosystem types (Croll et al. 2005; Paine 1980; Schmitz et al. 2004). Predators 
can have direct effects by altering trophic interactions that influence prey 
population structure (Frank et al. 2005) or indirect effects by modifying rates of 
movement, grazing, activity, dispersal and colonization (Fortin et al. 2005; 
Reynolds & Bruno 2013; Schmitz et al. 2004). Such predator-mediated effects 
can also influence primary producers and bacteria, and may ultimately alter 
biogeochemical cycles, ecosystem processes and abiotic conditions (Chapin et al. 
2000; Estes et al. 2011; Hooper et al. 2005; Katz et al. 2009; McIntyre et al. 
2007). 
In addition to the presence of top predators, the species identity and 
phenotype of predators can have differential effects on communities of lower 
trophic levels (Nilsson et al. 2008). For instance, predators with different modes 
of predation may differ in how they drive trophic cascades (Biggs et al. 2000; 
Borer et al. 2005) and have contrasting impacts on the effect of prey communities 
on nutrient dynamics (Schmitz 2009). One would expect large contrasting 
ecosystem effects of distantly related top predators or those with divergent 
ecologies (Biggs et al. 2000; Nilsson et al. 2008; Pastor & Naiman 1992). 
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However, more recent work also suggests that both closely related (Bassar et al. 
2010) and phenotypically similar predators (Matthews et al. 2011a) can 
differentially shape community dynamics and ecosystem processes. For instance, 
slight differences in growth rates, behavioral and life-history traits could 
potentially influence food-web structure and, ultimately, ecosystem processes 
(Moya-Laraño 2011; Wolf & Weissing 2012).  
The phenotypic effects of top-predators can also be modified by 
morphological or behavioral plasticity (Bolnick et al. 2011). Plasticity describes 
the variation found among individuals of the same genotype when reared under 
different environmental conditions (Piersma & Drent 2003). Phenotypic plasticity 
can also influence the ecosystem effects of predators and potentially affect 
patterns of diversity at lower trophic levels (Miner et al. 2005). Indeed, previous 
work with fish has shown that plasticity of morphological and behavioral traits 
can affect feeding efficiency (Lundsgaard-Hansen et al. 2013), potentially 
culminating in a broad range of ecosystem alterations (Lundsgaard-Hansen 2013). 
Differences in learned behavior can also account for plasticity and lead to 
phenotypic variation in predator effects (Werner & Sherry 1987). Overall, very 
little is know about how plasticity of predator phenotypes might affect ecosystems 
in general, or diversity of bacterial communities, in particular.  
In the current study, we investigate how genotype and phenotypic plasticity 
jointly determine a predator’s effect on bacterial communities and the persistence 
of these effects. Previous work with fish has demonstrated that population 
background and evolutionary history can influence their ecosystem effects 
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(Bassar et al. 2010; Harmon et al. 2009; Palkovacs et al. 2009; Schreiber et al. 
2011). In particular, different phenotypes of stickleback had contrasting effects on 
the composition of the zooplankton community, which is known to effect 
bacterial abundance (Matthews et al. 2011b; Zöllner et al. 2003) and on the 
composition of dissolved organic carbon, which can strongly influence bacterial 
community composition (Harmon et al. 2009; Kirchman et al. 2004). Despite the 
potentially strong effects of predatory fish on their aquatic ecosystem, there are 
few studies investigating how genetic and plastic differences among closely 
related fish species (or populations) might affect ecosystems, in general, and no 
studies investigating how either the presence or phenotype of fish affects bacterial 
community composition, in particular.  
In this investigation, we tested whether the predatory threespine stickleback, 
Gasterosteus aculeatus, influences bacterial community structure and 
composition in aquatic ecosystems. The stickleback, which is originally a marine 
species, has undergone many independent post-glaciation colonization events of 
freshwater, resulting in a radiation of diadromous, marine, and freshwater 
populations and species (Foster & Bell 1994). In the past 140 years, sticklebacks 
invaded and rapidly spread through Switzerland where they now live in lake or 
stream habitats (Lucek et al. 2010; Lucek et al. 2012). Previous work on stream-
lake pairs of sticklebacks have shown that stream phenotypes feed on benthic prey 
such as invertebrates while lake phenotypes consume planktonic prey. Lake and 
stream sticklebacks have adaptively diverged to utilize these distinct trophic 
niches (Lucek et al. 2012). Stream fish tend to have fewer and shorter gill rakers 
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as well as deeper bodies than lake fish – differences that are under genetic control 
(Berner et al. 2008; Hendry et al. 2002). However differences in rearing diet can 
also influence stickleback head and mouth morphology and gill raker length, 
showing that phenotypic plasticity in stickleback can result from dietary 
differences (Day et al. 1994).  
Other studies have investigated a broad range of ecosystem effects of lake 
stickleback varieties, but they did not quantify bacterial community composition 
(Greig et al. 2012; Kratina et al. 2012; Shurin 2012). Currently, the effects of fish 
presence and phenotype on bacterial species richness and composition as well as 
the persistence of these effects once the predator is removed are poorly known. 
Understanding the direct and indirect effects of fish on bacteria, which are an 
essential link in the aquatic carbon and nutrient cycles, might help explain the 
broad range of ecosystem effects that top predators can have on aquatic 
ecosystems. We evaluated top predator-induced regulation of bacterial 
communities by using an outdoor, three-phase experiment with replicate aquatic 
mesocosms to test (i) how the presence, genotype, and rearing environment (i.e. 
plasticity) of adult sticklebacks impact the bacterial communities in their 
environments (phase 1), (ii) whether these effects persist once the adult 
populations are removed (phase 2), and (iii) how homogenizing the predator 
community in a subsequent generation of fish affects community structure and 
composition (phase 3). These three phases allow us to manipulate both the 
presence and phenotype of the fish community over a long experimental period.  
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Methods 
Experimental Set-up 
For the first phase, 40 mesocosm tanks (1000 L) were set up in a complete 
randomized block design (eight blocks). Each block contained a control tank 
without stickleback, Gasterosteus aculeatus, and four tanks with stickleback 
made up of all factorial combinations of population of origin (lake or stream) and 
the food regime of the rearing environment, which was either mosquito larvae 
(stream food) or zooplankton (lake food). In the summer of 2010, we collected 
wild sticklebacks from either Lake Constance, Switzerland at Altenrhein 
(47°29'08.29"N 09°32'37.85"E) or a nearby stream at Aubach, Oberriet 
(47°19'36.80"N 09°34'04.13"E) and performed matings in the laboratory setting. 
Fertilized egg clutches from these matings were then hatched in the lab and after 
one month of growth on zooplankton, they were reared on one of the treatment 
diets (i.e. mosquito larvae or zooplankton) for a period of 10 months prior to the 
commencement of the experiment. Adult fish were then stocked in mesocosm 
tanks in April 2011, which were set up on a flattened hilltop in Kastanienbaum, 
Switzerland located approximately 200 m from Lake Luzern.  
Prior to the addition of fish, mesocosms were prepared by adding a mixture 
of 40 L of sand, mud and gravel from Lake Luzern to the bottom of each tank to a 
depth of about 5 cm. The tanks were filled with water from Lake Luzern to 
approximately 20 cm below the rim. One week after the tanks were filled, they 
were fertilized with 2.46 g NaNO3 and 0.18 g NaH2PO4 per tank to boost initial 
primary productivity. Finally, mixed benthic substrate from nearby lakes and 
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streams (Lake Lucerne, Lake Rot, Lake Zug and several tributaries of the river 
Reuss) were collected, and  ~ 5 L of lake and stream sediment was added in equal 
amounts to each tank. These sediments included propagules of a wide range of 
benthic and pelagic organisms. An equal amount of zooplankton, which had been 
collected with a commercial hand plankton net (Plankton net II, mesh size 65 µm) 
from Lake Luzern, was also added to each tank. The tanks sat for two weeks 
before they were stocked with fish.  
The fish remained in the mesocosm tanks through the first phase, which 
lasted from April 2011 to August 2011. The second phase began in August 2011 
when the adult population was removed and the tanks remained with no predator 
treatment for a period of 3.5 weeks. Phase three commenced in September 2011 
when we added 18 juvenile lake fish and 18 juvenile stream fish to each tank, 
including the four treatment and control tanks. Phase 3 mimics the small streams 
and ponds across the landscape adjacent to the lake where juveniles from lake and 
stream fish can be found together because they breed sympatrically. The juveniles 
for phase 3 were bred and raised for 16 weeks in the lab from wild adult 
populations prior to their addition to the tanks. These adults were collected from 
the same Lake Constance sites where the adults for phase 1 originated, with the 
addition of the second lake site, Steinach (47°30'10.85"N 9°26'49.82"E).  
Out of the eight initial blocks included in the experiment, two blocks were 
dropped from the analysis. This was because in a subset of tanks in these two 
blocks either (i) non-stickleback fish were found that came in as larvae with the 
sediments (2 tanks: one with a burbot (Lota lota), and one with a loach (Barbatula 
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barbatula)), (ii) because juveniles were found despite the separation of sexes by 
molecular techniques at the beginning of the experiment (2 tanks), or (iii) because 
fewer than 5 adult fish survived to the end of phase 1 (2 tanks). Because all of 
these problems occurred in the same two blocks, we decided at the end of phase 1 
to drop these two blocks in subsequent analyses. In addition, we did not 
successfully rear enough juveniles for all the tanks in phase 3, and so dropping the 
two blocks increased the number of juveniles we could add to each tank in phase 
3. Hence, all the analyses in this paper are based on 30 tanks divided into six 
blocks, with each block containing all four treatment tanks and a control tank. 
 
Sample Collection 
Over the course of the experiment, samples of bacteria for DNA extraction 
were sampled during 6 sampling periods, including, July 8, 2011 (phase 1, 
sampling period 1), August 5, 2011 (phase 1, sampling period 2), August 25 2011 
(phase 2, sampling period 3), September 30, 2011 (phase 3, sampling period 4), 
October 14, 2011 (phase 3, sampling period 5), and October 27, 2011 (phase 3, 
sampling period 6).  
Water was collected from mesocosms in sterile glass bottles and filtered 
immediately in the lab. Volumes between 12 and 148 ml were filtered through a 
0.2 µm Supor® membrane filter (Pall Scientific). Filters were immediately frozen 
with liquid nitrogen and then stored in an -80 °C freezer until analysis. Additional 
water samples were taken and fixed in a final concentration of 0.01% 
paraformaldehyde and 0.1% glutaraldehyde and stored at 4 °C for flow cytometry 
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measurements for 4-8 months. A BD Accuri C6 flow cytometer was used to 
enumerate the bacterial cells following staining with 10 µL mL−1 SYBR Green 
(Invitrogen) following the protocol outlined in Van Nevel et al. (2013).  
 
DNA Extractions and amplification 
The filters that had been used to collect bacterioplankton were cut into small 
pieces using sterile forceps and scissors. The DNA extraction protocol that was 
used to extract DNA from the filters had been adapted from Fuhrman et al. 
(1988). Briefly, DNA from the filters was extracted with mechanical lysis in 1.2 
ml STE buffer (10 mM Tris hydrochloride [pH 8], 1 mM EDTA, 100 mM NaCI) 
by a bead-beating step with 2 glass beads (2 mm) for 35 seconds at 5 ms-1 on a 
FastPrep®-24 instrument. Then 50 uL of 20 % sodium dodecyl sulfate (SDS) was 
added, followed by a 2 minute boiling step. The liquid extract was then 
transferred to new tubes with 400 µL phenol (pH 8) and 400 µL 24:1 chloroform 
isoamyl alcohol (CIA) and vortexed for 15 s. This was followed by centrifugation 
for 5 min at 13200 rpm and then the repetition of phenol/chloroform step. The 
extract was then combined with 100 µL volumes of 3M sodium acetate  (pH 5.2) 
and 600 µL of isopropanol for precipitation on ice for approximately 2 hours. 
After centrifugation at 13200 rpm for 30 minutes at 4°C, supernatant was then 
removed with an aspirator and washed with 70% ethanol and re-suspended in TE 
buffer. DNA was quantified with Quant-iT Picogreen (Invitrogen, Oregon, USA) 
following manufacturer’s protocols.  
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Bacterial specific primers 1406F fluorescently labeled with 6FAM on the 5’ 
end and 23 Sr were used to target the intergenic spacer region between 16S and 
23S rRNA. All PCR reactions were volumes of 25 µL with 5ng of template DNA. 
A 1 mL aliquot of PCR product was mixed with 9 mL highly deionized (HiDi) 
formamide and 0.5 mL Liz1200 size standard (Applied Biosystems). The mixture 
of PCR product, HiDi formamide and size standard was denaturated on a PCR 
thermocycler for 3 min at 95 °C, and then placed on ice. A 3130XL Capillary 
Genetic Analyzer (Applied Biosystems) equipped with a 50 cm capillary using 
POP-7 polymer was used for the denaturing capillary electrophoresis of each 
fragment. ARISA fragments between 200 bp and 1250 bp were analyzed with the 
Southern size-calling method and a background cut-off level of 50 fluorescence 
units. ARISA peaks were binned with the automatic and interactive binning R 
scripts (Ramette 2009), and the relative fluorescence intensity of binned peaks 
data was exported for further analysis. Blank extractions and amplifications were 
run with each set, and any peaks that were present in the blank samples were 
removed from all samples for further analysis. 
 
Data Analysis 
Bacterial richness was operationally defined as the number of peaks 
detected in ARISA profiles. While this approach will almost certainly not capture 
the true diversity of the microbial community and does not offer phylogenetic 
information, it is a useful parameter to compare relative bacterial diversity (Bent 
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et al. 2007), and is therefore an appropriate tool to establish fish effects on 
planktonic bacterial community composition.  
Principal coordinates were calculated using the Jaccard Index for 
presence/absence of Bacterial OTUs and a Bray-Curtis distance matrix following 
a Hellinger transformation on abundance data that was based on ARISA peak 
area. ANOVAs on redundancy analyses using the principal coordinates (Legendre 
& Gallagher 2001) were run with a random block effect. P-levels were established 
for model attributes based on 9999 random permutations using the first 4 principal 
coordinates with the highest eigenvectors. Linear mixed models with block as a 
random effect were run on bacterial richness and flow cytometry data (bacterial 
count and size). All statistical analyses were performed in R (v3.0.1; R 
Development Core Team 2013), using the vegan (Oksanen et al. 2013) and nlme 
libraries (Pinheiro et al. 2013). 
 
Results  
Effect of Fish on Bacterial Communities (Phase 1) 
 The presence of fish had significant impacts on bacteria species richness, 
community composition, cell count and size structure. Bacterial richness was 
significantly higher in tanks with sticklebacks during the two sampling periods in 
phase 1 (Figure 4-1, Table 4-1). The number of bacterial cells and large bacterial 
cells based on flow cytometry was significantly higher in tanks with fish during 
sampling period 2 than in tanks without fish (Table 4-1, Figure 4-2B & 4-2C), 
while the proportion of small bacteria in stickleback tanks in sampling period 2 
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decreased (p = 0.01) (Appendix D, Table S1). The presence of fish significantly 
affected bacterial community composition based both presence/absence and 
abundance data for sampling periods 1 and 2  (Figure 4-2, Table 4-1).  
 
Effect of Fish Genetic Background and Rearing History on Bacterial 
Communities 
 
 The phenotype of fish affected bacterial community composition at the 
end of the first phase (Table 4-2, Figure 4-3), as indicated by the significant food 
× genotype interaction at sampling period 2 based on abundance data. The effects 
of rearing condition and genotype on bacterial communities were not significant 
during sampling period 1 (Appendix D, Table S2). Additionally, fish phenotype 
did not affect the size structure, cell count or richness of the bacterial community 
(Appendix D, Table S2).  
 
Persistence of effects (Phase 2) 
In phase I, tanks either had lake or stream sticklebacks reared on benthic 
or limnetic food or no fish. In phase II, the tanks with fish were emptied, so that 
all tanks no longer held fish. Despite this same, no-fish, treatment in phase II, 
some phase I effects were evident. A persistent effect due to the presence of fish 
in phase I that was found in phase II (sampling period 3) was significantly more 
bacterial cells (p = 0.02) in tanks that previously had fish when sampled a month 
after the fish were removed. In sampling period 3, smaller sized bacteria were 
also more abundant in tanks that previously held fish (p < 0.01). The significant 
differences seen in bacterial community composition using both presence/absence 
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and abundance data between fish and fish free tanks persisted in sampling period 
3 (Figure 2, Table 1). Fish phenotypic interaction between food × genotype was 
also significant at sampling period 3 based on presence/absence data but only 
marginally significant based on abundance data (Table 4-2). 
 
Effects of fish homogenization (Phase 3) 
In phase III, a homogenous juvenile fish treatment was added, and all fish 
and fish phenotypic effects, which were found in the previous phases, disappeared 
(Tables 4-1 and 4-2). During phase 3, there were no differences detected among 
the tanks in bacterial richness, community composition, count or size structure 
(Figure 4-1).  
 
Bacterial Community Changes over the Course of the Experiment 
 A change in bacterial community composition from sampling periods 1 to 
6 was evident in the 30 tanks (Figure 4-4). The effect of sampling period on 
community composition was significant (p < 0.01), suggesting that bacterial 
community structure changed over the course of the experiment. These effects 
appear to be greater in sampling periods1-3 than 4-6, where the distance between 
consecutive sampling periods in PCoA space is reduced.  
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Discussion 
Fish Effects on Bacterial Communities 
The presence of fish in aquatic systems has well-documented effects on 
ecosystem structure and function, including alterations in zooplankton and 
phytoplankton communities and on nutrient and thermal dynamics (Carpenter & 
Kitchell 1988; Mazumder et al. 1990; Schindler et al. 1997; Vanni & Layne 
1997). The mechanisms underlying the effects of fish on abiotic conditions in 
lakes (e.g. DOC, temperature) is uncertain and likely result from a combination of 
both direct trophic effects and indirect effects on species interactions and nutrient 
recycling. Studies that have focused on the effects of fish on microbial 
communities have largely focused on their impact on bacterial production, or the 
synthesis of new biomass by heterotrophic bacterioplankton, and respiration 
(Christoffersen et al. 1993; Fonte et al. 2011; Jeppesen et al. 1996; Riemann 
1985; Tzaras et al. 1999). Some of the studies document increases in bacterial 
production and biomass when fish are present (Christoffersen et al. 1993; 
Riemann 1985), especially when nutrients were also added (Fonte et al. 2011; 
Tzaras et al. 1999). However, majority of these studies were performed before 
methods (e.g. DGGE, ARISA, TRFLP, high throughput sequencing) were 
developed for the rapid quantification of bacterial diversity. Therefore, the 
concurrent fish effects on diversity are largely unknown. Because bacterial 
diversity can have a profound effect on bacterial function (Leflaive et al. 2008; 
Peter et al. 2011), previous studies that have only investigated fish effects on 
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bacterial production and biomass may have overlooked a whole suite of 
significant ecosystem effects (Hall et al. 2011).  
Even though few studies have investigated effects of fish on bacteria, a 
greater number of studies have investigated zooplankton (i.e. protozoa, daphnia 
and copepod) effects on bacteria (Hahn & Höfle 2001; Jürgens et al. 1994; 
Jürgens & Matz 2002; Langenheder & Jürgens 2001; Zöllner et al. 2009; Zöllner 
et al. 2003). These studies found changes in size and community structure as a 
result of zooplankton grazing, but these changes typically depend on which type 
of zooplankton are present. For example, it is suspected that trophic cascades may 
play a role in regulating bacterial communities (Jürgens et al. 1994; Wickham 
1998; Zöllner et al. 2009; Zöllner et al. 2003), and that zooplankton can induce 
changes in size structure due to the development of anti-grazer resistance 
(Pernthaler 2005). However, in a comparative survey of 36 lakes, Longmuir and 
Shurin (2007) found no relationship between diversity of phytoplankton, 
zooplankton, and bacterial richness based on denaturing gel electrophoresis 
(DGGE), suggesting weak linkages between effects of diversity from upper 
trophic levels (i.e. zooplankton) on bacterial species richness.  
Here, we found that fish presence and phenotype (i.e. genotype x diet) had 
a dramatic impact on bacterial community richness, composition and structure. 
On one hand, the change in bacterial diversity could result from predation-
induced changes in the zooplankton community, which subsequently affected the 
biomass and diversity of organisms at lower trophic levels (e.g. a trophic cascade, 
or a diversity cascade). On the other hand, fish predators may have increased 
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nutrient recycling in the system, leading to greater productivity. An increase in 
productivity can change bacterial abundance, richness and diversity in different 
directions depending on the system (Horner-Devine et al. 2003; Smith 2007). 
Therefore, we cannot decipher the mechanisms that are responsible for the 
changes in bacterial community composition we observe in fish tanks. 
Investigating the persistence or disappearance of these effects once fish are 
removed may give us insights into the regulation of bacterial communities.  
 
Persistence of Fish Effects 
We found that after fish were removed from the experimental tanks, fish 
effects persisted through sampling period 3. Sampling period 3 occurred 
approximately 1 month after the removal of fish (Figures 4-1 & 4-2, Table 4-1), 
which is a substantial amount of time when the generation time of bacteria is 
considered. The persistence of these effects suggests that the altered bacterial 
diversity was not due to changes in nutrient recycling per se, but more likely due 
to fish induced changes in plankton community and overall system productivity. 
Once the homogenous predator treatment of juvenile fish was added to the 
tanks in phase 3, the fish effects from phase 1 disappeared, and the accumulated 
differences in the ecosystem among treatments did not persist through the end of 
the experiment. In addition to the fish effects from phase 1, the fish phenotypic 
effects (see discussion below) also disappeared in phase 3, which was also most 
likely due to the addition of the homogeneous predator community. The presence 
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of juvenile fish in all tanks during phase 3 may have equalized the ecosystem 
effects that had been previously implemented in phase 1.  
In addition to the application of a homogenous predator treatment, the 
collapse of noticeable differences among tanks could also be due to the onset of 
autumn. Pace and Cole (1994) argue that top-down effects could be responsible 
for shaping bacterial communities during certain times of the year when 
zooplankton densities are greater. Grazers, for example, may have less of an 
effect on bacterial communities during the fall than during the summer, aiding the 
erasure of phase 1 effects.  
 
Fish Phenotypic Effects on Bacterial Communities 
No studies, to our knowledge, have tested for the effect of fish phenotypes 
on bacterial communities. In addition to a clear effect of fish presence in phases 1 
and 2, we also observed an interaction of stickleback genotype × rearing condition 
on bacterial community composition (Figure 4-3, Table 4-2). Therefore, the 
phenotypic differences that result from a combination of both genotype and 
plasticity interaction effect suggest that different predator populations might have 
different effects on their ecosystems that are modulated by their rearing 
environment. 
Different genotypes have been shown to have contrasting effects on 
zooplankton communities (Des Roches et al. 2013), but our study also indicates 
that such genotypic effects are subject to plasticity. Plasticity in fish can affect 
feeding behavior and efficiency (Lundsgaard-Hansen et al. 2013), and in turn, 
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alter species interactions, foraging behaviors and ecosystem effects (Hawlena et 
al. 2011). We found that bacterial communities in tanks with stream fish reared 
on benthic food differed significantly from the other treatments while tanks with 
stream fish reared on pelagic food are more similar to bacterial communities in 
lake fish tanks (Figure 3). Stream fish naturally consume more benthic food in the 
wild (Lucek et al. 2012). Because the observed differences in bacterial 
communities are due to stream fish that have been reared on a benthic diet, which 
is a natural genotype-diet pairing, the phenotypic differences are more likely to 
influence bacterial communities in nature. 
Previous work has showed that different fish genotypes exhibit a number 
of ecosystem effects that are due to both trophic and non-trophic interactions 
(Harmon et al. 2009). The interaction effect that we find between rearing 
condition and genotype might help explain some of the indirect, non-trophic 
effects that were previously observed. The involvement of non-consumptive, trait-
mediated effects on bacterial community dynamics can obscure trophic 
interactions (Peacor & Werner 2001; Preisser et al. 2005) and influence 
ecosystem effects that are independent of trophic effects (Schmitz 2010). Some 
possibilities of indirect processes that could account for the interaction effect of 
genotype and rearing condition on bacterial communities may be from a 
difference in habitat utilization (Pearish et al. 2013; Snowberg & Bolnick 2012). 
For instance, perhaps stream fish reared on benthic food spend more time close to 
the sediment and their movements could more readily mix sediment-associated 
bacteria into the pelagic environment. Because sediment found in aquatic habitats 
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tend to have a greater abundance of bacteria as well as a greater proportion of 
active bacteria than those found in the water column (Haglund et al. 2002), such 
mixing could very well have marked ecological impacts. 
Currently, the specific mechanisms of how fish affect bacterial richness 
and composition are unclear, so it is difficult to speculate how fish phenotype 
influence the environment. Therefore, future research should investigate the 
potential mechanisms that may account for the fish phenotypic differences on 
bacterial diversity that we observe, including possible trophic or behavioral 
differences that may contribute to these effects.  
It is becoming increasingly clear that genotypes of organisms affect 
community dynamics and ecosystem functioning (Whitham et al. 2003). Studying 
how the genotype of organisms alters the structuring of microbial communities is 
a clear target for such investigations due to the varied ecosystem effects of 
bacteria, including abiotic and biotic processes. Although a number of studies 
have investigated how different genotypes of organisms affect bacterial 
community composition and ecosystem dynamics (Madritch et al. 2009; 
Schweitzer et al. 2008; Schweitzer et al. 2011), it is also necessary to assess the 
variability of these genotypic effects and to explore what factors in the 
environment modulate them. 
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Tables:  
Table 4-1: Effect of fish on bacterial richness and community composition in 
mesocosm tanks, measured either by presence and absence of ARISA peaks or by 
abundance distribution determined by peak area and on bacterial count 
determined by flow cytometry 
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Table 4-2: Effect of food rearing condition, genetic background, and their 
interaction on bacterial communities   
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Figures: 
Figure 4-1: A) Bacterial richness as measured by number of ARISA peaks per 
sample B) log10 of total bacterial count and C) the log10 count of large bacteria 
in tanks that received fish (filled circles) and those that did not (empty circles) in 
sampling period 1-2 based on flow cytometry. All tanks had no fish in sampling 
period 3 and received juvenile fish in sampling period 4-6. A (*) indicates a 
significance level of < 0.05. 
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Figure 4-2: The effect of the presence of adult fish on bacterial community 
composition in lake mesocosms measured by A) presence/absence and B) 
abundance of bacteria ARISA peaks in phases 1 and 2 of the experiment. 
Bacterial communities in each tank are colored by sampling date. The shaded 
convex hulls outline the area of PCoA space for tanks that did not receive fish in 
phase 1 sampling. Empty symbols indicate tanks that received no fish in phase 1 
and filled symbols represent tanks that received fish in phase 1. 
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Figure 4-3: The effect of adult stickleback on bacterial community composition 
at sampling period 3 colored by genetic background (L: lake; S: stream) and food 
reared upon (B: benthic food; P: pelagic food) prior to their addition to 
mesocosms. The interaction between genotype and food is significant according 
to (A) ARISA peak presence/absence and (B) abundance based on ARISA peak 
area. The bacterial communities found in tanks that had stream fish reared on 
benthic food (SB) differ from the bacterial communities in the tanks with the 
other treatments. 
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Figure 4-4: Bacterial community composition in mesocosm tanks colored by 
sampling period. Bacterial community composition is measured using presence 
absence of ARISA peaks. Sampling periods 1 & 2 had treatments with adult fish 
and tanks without adult fish. The adult fish had been removed from the tanks prior 
to sampling period 3. In sampling period 4-6, juvenile fish were added to both sets 
of tanks. 
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CONCLUSION: 
 
Summary of findings: 
 The goal of the meta-analysis that I conduct in my first chapter is to 
understand the variation of gut microbial diversity that exists across a broad 
spectrum of fish hosts and to investigate the factors that may be responsible for 
the observed patterns. This study included diverse taxa, which were 
morphologically varied hosts such as seahorses and pufferfish, as well as 
ecologically distinct hosts such as marine angelfish, salmon and guppies that 
consume different diets and live in very distinctive habitats. My findings suggest 
that gut bacterial communities differ among fish that occupy different trophic 
levels and live in habitats of different salinities. The analysis also shows that 
herbivorous fish harbor gut bacteria that are more similar to those found in other 
vertebrate organisms, including mammals such as humans and ungulates.  
 In the second chapter, I focus on the guppy, Poecilia reticulata, which 
serves as a model system for studying evolution in nature (Magurran & Phillip 
2001). The guppy was one of the focal species of the NSF-Frontiers in Integrative 
Biological Research project, with which I was able to collaborate and execute my 
study on guppies. Because I am interested in studying how organisms adjust to 
various trophic niches, and dietary differences among populations of Trinidadian 
guppies had recently been found (Zandonà et al. 2011), this system was ideal to 
investigate other digestive trait differences between the two populations in 
addition to possible gut bacteria variation. In collaboration with Chris Dalton and 
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Alexander Flecker at Cornell, we performed a dietary manipulation experiment 
with wild fish from different predation regimes in Trinidad. After bringing them 
back to the lab and feeding them either a diet primarily composed of either 
invertebrates or spinach, we then tested different digestive trait differences 
between the two populations that had been reared on different diets. We found 
striking differences of gut morphology, enzyme activity and body nutrient 
composition (e.g. somatic phosphorus content) between guppies from the two 
populations. For some of the traits, there was a minimal dietary effect. Our 
findings also reveal that an increase in a particular digestive enzyme is correlated 
with the observed differences in body nutrient content, suggesting a potential 
adaptive mechanism to the ambient resource levels in their disparate 
environments.  
 In addition to observing physiological differences between guppy 
populations, my analysis in chapter 3 shows that guppies also harbor different 
bacterial communities. In this study, I investigated guppies from 4 different 
drainages that were composed of fish with varying degrees of relatedness. I found 
that there were strong, stream-dependent differences in gut microbial 
communities. Because the guppy gut bacteria appear to be distinct from the 
bacteria found in the environment, the variation found within guppy populations 
does not seem to be due to differences in environmental microbes. Additionally, 
within each stream, there is an evident divergence in gut microbial communities 
in fish from different predation regimes. When we take guppies from different 
predation regimes into the lab for the dietary manipulation experiment, we find a 
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striking difference in gut bacterial communities between the populations. Overall, 
these results suggest that populations that diverge in diet and gut traits also show 
variation in gut bacterial communities. I cannot directly attribute the differences 
in gut enzyme activity that I observe in chapter 2 to the differences in gut bacteria 
I find, but this is an intriguing possibility that warrants future study.  
 In the fourth chapter, instead of investigating how the environment affects 
fish gut bacteria, I investigate the opposite relationship and explore how fish 
might alter bacteria in their environment. I ran this experiment during my 
Fulbright Fellowship to Switzerland in collaboration with my supervisors at 
Eawag, Helmut Bürgmann and Blake Matthews. This experiment fit well into the 
context of Thierry Aebischer’s master’s project that was run during my stay at 
Eawag. The questions that were central to this project were similar with some of 
those of the NSF-Frontiers in Integrative Biological Research project. For 
example, both projects were interested in how the adaptation of organisms to their 
environment might feed back and affect the ecology within the system.  
 Using three spine-sticklebacks that have adaptively diverged to lake and 
stream habitats, I explored how their genetic background (lake versus stream) 
affected the aquatic bacteria in their mesocosm units, and investigated the 
plasticity of this effect by using lake and stream fish that had been reared on 
benthic (stream food) or limnetic (lake food) prey. Overall, we found very 
different bacterial communities in tanks that received fish and control tanks that 
were left fish-free. The size structure, community composition, bacterial 
abundance and richness differed between tanks with and without fish. Aside from 
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just the presence of fish, we found the interaction between fish genotype and 
rearing history also impacted the composition of bacterial communities. 
Interestingly, when a homogenous predator regime of mixed lake and stream 
juvenile fish was applied to all of the mesocosms, the bacterial communities all 
became similar, regardless of if the mesocosm tanks previously held fish or not.  
 Overall, these results suggest that there may be interacting controls of 
bacterial populations that exist in the environment and of those that exist inside 
fish. For instance, not only the presence of fish, but also their respective 
ecological niche can influence the bacteria in the environment. Therefore, fish 
may have certain keystone effects whose influence extends to the bacterial 
communities in the environment. Additionally, the trophic niche of a fish may be 
influenced by the presence of certain gut bacterial constituents. If gut bacteria are 
involved with determining the realized niche of an animal, affecting its activities 
in the environment, and ultimately, the bacteria in the environment, then the 
ecology of an animal, its symbiotic bacteria, and the environmental bacteria may 
all indeed be connected. Although these links are currently theoretical, the work 
in these chapters provides groundwork for future investigations into the feedbacks 
between animal ecology and the symbiotic and environmental microbial world. 
 
Ongoing research: 
Although my dissertation is coming to a close, a number of projects 
related to my dissertation are continuing. These include the exploration of gut 
bacteria from Tanganyikan cichlids. With the cichlid work, I am investigating 
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broad scale patterns of gut microbial communities across multiple, related species 
that have a striking degree of diversity in their diets.  
A second ongoing project includes the investigation of gut bacteria of lake 
and stream sticklebacks that were sympatric in the third phase of the experiment 
discussed in chapter four. The aim of this study is to examine population level 
differences that persist in spite of living in the same environment. Because this 
study is with lab-born decedents of lake and stream sticklebacks, differences in 
gut bacteria will yield information regarding the regulation of gut bacterial 
communities and possible persistent differences between these two populations. 
Such differences may be explained by or may explain adaptation to their 
divergent habitats and trophic niches. 
 
Future directions: 
 Many studies have recently been published describing the variation of gut 
bacterial communities found within organisms. While this is an important first 
step to understanding how they may impact the biology and ecology of their 
hosts, it does not yield direct information regarding their functioning within their 
host. The next step is to determine what genomic contributions these bacterial 
associates may be giving to their hosts that might influence their adaptation to and 
interaction with their environment. It seems that the more these ubiquitous 
organisms are studied, the more it is understood that they serve profound roles in 
ecological, biological and physiological processes, and are, therefore, worthy of 
further investigation in ecological and physiological contexts. 
	  	  
127	  
LIST OF REFERENCES 
 
R Development Core Team 2012 R: a language and environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing. See 
http://www.r-project.org/. 
Angert ER, Clements KD, Pace NR (1993) The largest bacterium. Nature 362, 
239-241. 
Arendt J, Reznick D (2005) Evolution of juvenile growth rates in female guppies 
(Poecilia reticulata): predator regime or resource level? Proc. R. Soc. B 
272, 333-337. 
Arumugam M, Raes J, Pelletier E, et al. (2011) Enterotypes of the human gut 
microbiome. Nature 473, 174-180. 
Atarashi K, Tanoue T, Shima T, et al. (2011) Induction of colonic regulatory T 
Cells by indigenous Clostridium species. Science 331, 337-341. 
Auer SK, Arendt JD, Chandramouli R, Reznick DN (2010) Juvenile 
compensatory growth has negative consequences for reproduction in 
Trinidadian guppies (Poecilia reticulata). Ecology Letters 13, 998-1007. 
Bäckhed F, Ding H, Wang T, et al. (2004) The gut microbiota as an 
environmental factor that regulates fat storage. Proceedings of the 
National Academy of Sciences 101, 15718-15723. 
Baeverfjord, Åsgård, Shearer (1998) Development and detection of phosphorus 
deficiency in Atlantic salmon, Salmo salar L., parr and post-smolts. 
Aquaculture Nutrition 4, 1-11. 
Bailey MT, Walton JC, Dowd SE, Weil ZM, Nelson RJ (2010) Photoperiod 
modulates gut bacteria composition in male Siberian hamsters (Phodopus 
sungorus). Brain, Behavior, and Immunity 24, 577-584. 
Bairagi A, Ghosh KS, Sen SK, Ray AK (2002) Enzyme producing bacterial flora 
isolated from fish digestive tracts. Aquaculture International 10, 109-121. 
Bakke I, Skjermo J, Vo TA, Vadstein O (2013) Live feed is not a major 
determinant of the microbiota associated with cod larvae (Gadus morhua). 
Environmental Microbiology Reports 5, 537-548. 
Bassar RD, Marshall MC, López-Sepulcre A, et al. (2010) Local adaptation in 
Trinidadian guppies alters ecosystem processes. Proceedings of the 
National Academy of Sciences 107, 3616-3621. 
	  	  
128	  
Bates DM, and M. Maechler. 2010. lme4:Linear mixed-effects models using S4 
classes. R package version 3.1-97. R Foundation for Statistical 
Computing, Vienna, Austria. http://R-Forge.R-project.org/projects/lme4/. 
Bates JM, Mittge E, Kuhlman J, et al. (2006) Distinct signals from the microbiota 
promote different aspects of zebrafish gut differentiation. Developmental 
Biology 297, 374-386. 
Benson AK, Kelly SA, Legge R, et al. (2010) Individuality in gut microbiota 
composition is a complex polygenic trait shaped by multiple 
environmental and host genetic factors. Proceedings of the National 
Academy of Sciences 107, 18933-18938. 
Bent SJ, Pierson JD, Forney LJ (2007) Measuring species richness based on 
microbial community fingerprints: the emperor has no clothes. Applied 
and Environmental Microbiology 73, 2399-2401. 
Berner D, Adams DC, Grandchamp AC, Hendry AP (2008) Natural selection 
drives patterns of lake–stream divergence in stickleback foraging 
morphology. Journal of Evolutionary Biology 21, 1653-1665. 
Biggs BJF, Francoeur SN, Huryn AD, et al. (2000) Trophic cascades in streams: 
effects of nutrient enrichment on autotrophic and consumer benthic 
communities under two different fish predation regimes. Canadian 
Journal of Fisheries and Aquatic Sciences 57, 1380-1394. 
Boggs CL (2009) Understanding insect life histories and senescence through a 
resource allocation lens. Functional Ecology 23, 27-37. 
Bolnick DI, Amarasekare P, Araújo MS, et al. (2011) Why intraspecific trait 
variation matters in community ecology. Trends in Ecology & Evolution 
26, 183-192. 
Borer ET, Seabloom EW, Shurin JB, et al. (2005) What determines the strength 
of a trophic cascade? Ecology 86, 528-537. 
Bragg L, Stone G, Imelfort M, Hugenholtz P, Tyson GW (2012) Fast, accurate 
error-correction of amplicon pyrosequences using Acacia. Nat Methods 9, 
425-426. 
Breden F, Ptacek MB, Rashed M, Taphorn D, Figueiredo CA (1999) Molecular 
phylogeny of the live-bearing fish genus Poecilia (Cyprinodontiformes: 
Poeciliidae). Molecular Phylogenetics and Evolution 12, 95-104. 
Brestoff JR, Artis D (2013) Commensal bacteria at the interface of host 
metabolism and the immune system. Nat Immunol 14, 676-684. 
	  	  
129	  
Breznak JA, Brune A (1994) Role of microorganisms in the digestion of 
lignocellulose by termites. Annual Review of Entomology 39, 453-487. 
Brucker RM, Bordenstein SR (2013) The hologenomic basis of speciation: gut 
bacteria cause hybrid lethality in the genus Nasonia. Science 341, 667-
669. 
Buchon N, Broderick NA, Poidevin M, Pradervand S, Lemaitre B (2009) 
Drosophila intestinal response to bacterial infection: activation of host 
defense and stem cell proliferation. Cell Host & Microbe 5, 200-211. 
Cahill MM (1990) Bacterial flora of fishes: a review. Microbial Ecology 19, 21-
41. 
Cant JP, McBride BW, Croom WJ (1996) The regulation of intestinal metabolism 
and its impact on whole animal energetics. Journal of Animal Science 74, 
2541-2553. 
Caporaso JG, Kuczynski J, Stombaugh J, et al. (2010) QIIME allows analysis of 
high-throughput community sequencing data. Nature Methods 7, 335-336. 
Carney RS (2005) Zonation of deep biota on continental margins. Oceanography 
and Marine Biology: An Annual Review 43, 211-278. 
Carpelan LH (1957) Hydrobiology of the Alviso Salt Ponds. Ecology 38, 376-
390. 
Carpenter SR, Kitchell JF (1988) Consumer control of lake productivity. 
BioScience 38, 764-769. 
Caviedes-Vidal E, Afik D, Martinez del Rio C, Karasov WH (2000) Dietary 
modulation of intestinal enzymes of the house sparrow (Passer 
domesticus): testing an adaptive hypothesis. Comparative Biochemistry 
and Physiology Part A: Molecular & Integrative Physiology 125, 11-24. 
Cech J, Jr., Massingill M, Stern H (1982) Growth of juvenile sacramento 
blackfish, Orthodon microlepidotus (Ayres). hydrobiologia 97, 75-80. 
Cerf-Bensussan N, Gaboriau-Routhiau V (2010) The immune system and the gut 
microbiota: friends or foes? Nature Reviews Immunology 10, 735-744. 
Chandler JA, Morgan Lang J, Bhatnagar S, Eisen JA, Kopp A (2011) Bacterial 
communities of diverse Drosophila species: ecological context of a host–
microbe model system. PLoS Genet 7, e1002272. 
Chapin FS, Zavaleta ES, Eviner VT, et al. (2000) Consequences of changing 
biodiversity. Nature 405, 234-242. 
	  	  
130	  
Charo-Karisa H, Bovenhuis H, Rezk MA, et al. (2007) Phenotypic and genetic 
parameters for body measurements, reproductive traits and gut length of 
Nile tilapia (Oreochromis niloticus) selected for growth in low-input 
earthen ponds. Aquaculture 273, 15-23. 
Chen LS (2002) Post-settlement diet shift of Chlorurus sordidus and Scarus 
schlegeli (Pisces : Scaridae). Zoological Studies 41, 47-58. 
Christoffersen K, Riemann B, Klysner A, Sondergaard M (1993) Potential role of 
fish predation and natural populations of zooplankton in structuring a 
plankton community in eutrophic lake water. Limnology and 
Oceanography 38, 561-573. 
Chu H, Fierer N, Lauber CL, et al. (2010) Soil bacterial diversity in the Arctic is 
not fundamentally different from that found in other biomes. 
Environmental Microbiology 12, 2998-3006. 
Ciccarelli FD, Doerks T, von Mering C, et al. (2006) Toward automatic 
reconstruction of a highly resolved tree of life. Science 311, 1283-1287. 
Clemente JC, Ursell LK, Parfrey LW, Knight R (2012) The impact of the gut 
microbiota on human health: an integrative view. Cell 148, 1258-1270. 
Clements KD, Choat JH (1995) Fermentation in tropical marine herbivorous 
fishes. Physiological Zoology 68, 355-378. 
Clements KD, Gleeson VP, Slaytor M (1994) Short-chain fatty acid metabolism 
in temperate marine herbivorous fish. Journal of Comparative Physiology 
B: Biochemical, Systemic, and Environmental Physiology 164, 372-377. 
Clements KD, Pasch IBY, Moran D, Turner SJ (2007) Clostridia dominate 16S 
rRNA gene libraries prepared from the hindgut of temperate marine 
herbivorous fishes. Marine Biology 150, 1431-1440. 
Clements KD, Raubenheimer D (2006) Feeding and nutrition. In: The Physiology 
of Fishes (eds. Evans DH, Claiborne JB). CRC Press, Boca Raton, FL. 
Clements KD, Raubenheimer D, Choat JH (2009) Nutritional ecology of marine 
herbivorous fishes: ten years on. Functional Ecology 23, 79-92. 
Clissold FJ, Tedder BJ, Conigrave AD, Simpson SJ (2010) The gastrointestinal 
tract as a nutrient-balancing organ. Proceedings of the Royal Society B: 
Biological Sciences 277, 1751-1759. 
Cole JR, Wang Q, Cardenas E, et al. (2009) The Ribosomal Database Project: 
improved alignments and new tools for rRNA analysis. Nucleic Acids 
Research 37, D141-D145. 
	  	  
131	  
Croll DA, Maron JL, Estes JA, Danner EM, Byrd GV (2005) Introduced predators 
transform subarctic islands from grassland to tundra. Science 307, 1959-
1961. 
Dabrowski K, Glogowski J (1977) Studies on the role of exogenous proteolytic 
enzymes in digestion processes in fish. hydrobiologia 54, 129-134. 
Day R, German D, Manjakasy J, et al. (2011) Enzymatic digestion in stomachless 
fishes: how a simple gut accommodates both herbivory and carnivory. 
Journal of Comparative Physiology B: Biochemical, Systemic, and 
Environmental Physiology 181, 603-613. 
Day T, Pritchard J, Schluter D (1994) A comparison of two sticklebacks. 
Evolution 48, 1723-1734. 
Demott WR, Gulati RD, Siewertsen K ( 1998) Effects of phosphorus-deficient 
diets on the carbon and phosphorus balance of Daphnia magna. 
Limnology & Oceanography 43, 1147-1161. 
Des Roches S, Shurin JB, Schluter D, Harmon LJ (2013) Ecological and 
evolutionary effects of stickleback on community structure. PLoS ONE 8. 
DeSantis TZ, Hugenholtz P, Keller K, et al. (2006) NAST: a multiple sequence 
alignment server for comparative analysis of 16S rRNA genes. Nucleic 
Acids Research 34, W394-W399. 
Dmitriew CM (2011) The evolution of growth trajectories: what limits growth 
rate? Biological Reviews 86, 97-116. 
Douglas AE (1998) Nutritional interactions in insect-microbial symbioses: aphids 
and their symbiotic bacteria Buchnera. Annual Review of Entomology 43, 
17-37. 
Douglas AE (2009) The microbial dimension in insect nutritional ecology. 
Functional Ecology 23, 38-47. 
Duncan SH, Louis P, Thomson JM, Flint HJ (2009) The role of pH in determining 
the species composition of the human colonic microbiota. Environmental 
Microbiology 11, 2112-2122. 
Edgington E (1990) Randomization tests Marcel Dekker, Inc., New York  
El-Sabaawi RW, Zandonà E, Kohler TJ, et al. (2012) Widespread intraspecific 
organismal stoichiometry among populations of the Trinidadian guppy. 
Functional Ecology 26, 666-676. 
Elser JJ, Fagan WF, Denno RF, et al. (2000) Nutritional constraints in terrestrial 
and freshwater foodwebs. Nature 408. 
	  	  
132	  
Estes JA, Terborgh J, Brashares JS, et al. (2011) Trophic downgrading of planet 
earth. Science 333, 301-306. 
Faith JJ, Guruge JL, Charbonneau M, et al. (2013) The long-term stability of the 
human gut microbiota. Science 341. 
Fidopiastis PM, Bezdek DJ, Horn MH, Kandel JS (2006) Characterizing the 
resident, fermentative microbial consortium in the hindgut of the 
temperate-zone herbivorous fish, Hermosillaazurea (Teleostei: 
Kyphosidae) Marine Biology 148, 631-642. 
Fierer N, Jackson RB (2006) The diversity and biogeography of soil bacterial 
communities. Proceedings of the National Academy of Sciences 103, 626-
631. 
Fjellheim AJ, Playfoot KJ, Skjermo J, Vadstein O (2012) Inter-individual 
variation in the dominant intestinal microbiota of reared Atlantic cod 
(Gadus morhuaL.) larvae. Aquaculture Research 43, 1499-1508. 
Fonte ES, Carneiro LS, Caliman A, et al. (2011) Effects of resources and food 
web structure on bacterioplankton production in a tropical humic lagoon. 
Journal of Plankton Research 33, 1596-1605. 
Fortin D, Beyer HL, Boyce MS, et al. (2005) Wolves influence elk movements: 
behavior shapes a trophic cascade in Yellowstone National Park. Ecology 
86, 1320-1330. 
Foster S, Bell M (1994) Evolutionary inference: The value of viewing evolution 
through stickleback-tinted glasses. In: The evolutionary biology of the 
threespine stickleback (eds. Bell M, Foster S), pp. 472–486. Oxford 
University Press, Oxford. 
Foster SJ, Vincent ACJ (2004) Life history and ecology of seahorses: implications 
for conservation and management. Journal of Fish Biology 65, 1-61. 
Frank KT, Petrie B, Choi JS, Leggett WC (2005) Trophic cascades in a formerly 
cod-dominated ecosystem. Science 308, 1621-1623. 
Franzenburg S, Fraune S, Altrock PM, et al. (2013a) Bacterial colonization of 
Hydra hatchlings follows a robust temporal pattern. ISME J 7, 781-790. 
Franzenburg S, Walter J, Künzel S, et al. (2013b) Distinct antimicrobial peptide 
expression determines host species-specific bacterial associations. 
Proceedings of the National Academy of Sciences 110, E3730-E3738. 
Fraser DF, Gilliam JF, Akkara JT, Albanese BW, Snider SB (2004) Night feeding 
by guppies under predator release: effects on growth and daytime 
courtship. Ecology 85, 312-319. 
	  	  
133	  
Fraysse N, Couderc F, Poinsot V (2003) Surface polysaccharide involvement in 
establishing the rhizobium–legume symbiosis. European Journal of 
Biochemistry 270, 1365-1380. 
Friswell MK, Gika H, Stratford IJ, et al. (2010) Site and strain-specific variation 
in gut microbiota profiles and metabolism in experimental mice. PLoS 
ONE 5, e8584. 
Frost P, Ebert D, Larson J, et al. (2010) Transgenerational effects of poor 
elemental food quality on Daphnia magna. Oecologia 162, 865-872. 
Fuhrman JA, Comeau DE, Hagstrom A, Chan AM (1988) Extraction from natural 
planktonic microorganisms of DNA suitable for molecular biological 
studies. Appl Environ Microbiol 54, 1426-1429. 
Gerking SD (1994) Feeding Ecology of Fish Academic Press, San Diego. 
German DP, Horn MH, Gawlicka A (2004) Digestive enzyme activities in 
herbivorous and carnivorous prickleback fishes (Teleostei: Stichaeidae): 
ontogenetic, dietary, and phylogenetic effects. Physiological and 
Biochemical Zoology 77, 789-804. 
German DP, Nagle BC, Villeda JM, et al. (2010) Evolution of herbivory in a 
carnivorous clade of minnows (teleostei: cyprinidae): effects on gut size 
and digestive physiology. Physiological and Biochemical Zoology 83, 1-
18. 
German DP, Weintraub MN, Grandy AS, et al. (2011) Optimization of hydrolytic 
and oxidative enzyme methods for ecosystem studies. Soil Biology and 
Biochemistry 43, 1387-1397. 
Ghalambor CK, McKay JK, Carroll SP, Reznick DN (2007) Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary 
adaptation in new environments. Functional Ecology 21, 394-407. 
Gilbert JA, Field D, Swift P, et al. (2009) The seasonal structure of microbial 
communities in the Western English Channel. Environmental 
Microbiology 11, 3132-3139. 
Gilbert JA, Steele JA, Caporaso JG, et al. (2011) Defining seasonal marine 
microbial community dynamics. ISME J. 
Gillespie JH, Turelli M (1989) Genotype-environment interactions and the 
maintenance of polygenic variation. Genetics 121, 129-138. 
Gilliam JF, Fraser DF, Alkins-Koo M (1993) Structure of a tropical stream fish 
community: A role for biotic interactions. Ecology 74, 1856-1870. 
	  	  
134	  
Goodwin NB, Balshine-Earn S, Reynolds JD (1998) Evolutionary transitions in 
parental care in cichlid fish. Proceedings of the Royal Society of London. 
Series B: Biological Sciences 265, 2265-2272. 
Grant PR, Grant BR (2006) Evolution of character displacement in Darwin's 
finches. Science 313, 224-226. 
Greig HS, Kratina P, Thompson PL, et al. (2012) Warming, eutrophication, and 
predator loss amplify subsidies between aquatic and terrestrial ecosystems. 
Global Change Biology 18, 504-514. 
Grether GF, Millie DF, Bryant MJ, Reznick DN, Mayea W (2001) Rain forest 
canopy cover, resource availability, and life history evolution in guppies. 
Ecology 82, 1546-1559. 
Haglund AL, Törnblom E, Boström B, Tranvik L (2002) Large differences in the 
fraction of active bacteria in plankton, sediments, and biofilm. Microbial 
Ecology 43, 232-241. 
Hahn MW, Höfle MG (2001) Grazing of protozoa and its effect on populations of 
aquatic bacteria. FEMS Microbiology Ecology 35, 113-121. 
Hall EK, Maixner F, Franklin O, et al. (2011) Linking microbial and ecosystem 
ecology using ecological stoichiometry: a synthesis of conceptual and 
empirical approaches. Ecosystems 14, 261-273. 
Hamady M, Lozupone C, Knight R (2009) Fast UniFrac: facilitating high-
throughput phylogenetic analyses of microbial communities including 
analysis of pyrosequencing and PhyloChip data. ISME J 4, 17-27. 
Hansen GH, Olafsen JA (1999) Bacterial interactions in early life stages of 
marine cold water fish. Microbial Ecology 38, 1-26. 
Harmon LJ, Matthews B, Des Roches S, et al. (2009) Evolutionary diversification 
in stickleback affects ecosystem functioning. Nature 458, 1167-1170. 
Hawlena D, Hughes KM, Schmitz OJ (2011) Trophic trait plasticity in response to 
changes in resource availability and predation risk. Functional Ecology 
25, 1223-1231. 
Heijtz RD, Wang S, Anuar F, et al. (2011) Normal gut microbiota modulates 
brain development and behavior. Proceedings of the National Academy of 
Sciences 108, 3047-3052. 
Hendrixson HA, Sterner RW, Kay AD (2007) Elemental stoichiometry of 
freshwater fishes in relation to phylogeny, allometry and ecology. Journal 
of Fish Biology 70, 121-140. 
	  	  
135	  
Hendry AP, Taylor EB, McPhail JD (2002) Adaptive divergence and the balance 
between selection and gene flow: lake and stream stickleback in the Misty 
system. Evolution 56, 1199-1216. 
Hildemann WH (1959) A cichlid fish, Symphysodon discus, with unique nurture 
habits. The American Naturalist 93, 27-34. 
Hooper DU, Chapin FS, Ewel JJ, et al. (2005) Effects of biodiversity on 
ecosystem functioning: a consensus of current knowledge. Ecological 
Monographs 75, 3-35. 
Horn MH (1989) Biology of marine herbivorous fishes. Oceanography and 
Marine Biology: An Annual Review 27, 167-272. 
Horn MH, Gawlicka AK, German DP, et al. (2006) Structure and function of the 
stomachless digestive system in three related species of New World 
silverside fishes (Atherinopsidae) representing herbivory, omnivory, and 
carnivory. Marine Biology 149, 1237-1245. 
Horner-Devine CM, Leibold MA, Smith VH, Bohannan BJM (2003) Bacterial 
diversity patterns along a gradient of primary productivity. Ecology 
Letters 6, 613-622. 
Huber I, Spanggaard B, Appel KF, et al. (2004) Phylogenetic analysis and in situ 
identification of the intestinal microbial community of rainbow trout 
(Oncorhynchus mykiss, Walbaum). Journal of Applied Microbiology 96, 
117-132. 
Jeppesen E, Sondergaard M, Jensen JP, Mortensen E, Sortkjaer O (1996) Fish-
induced changes in zooplankton grazing on phytoplankton and 
bacterioplankton: a long-term study in shallow hypertrophic Lake 
Sobygaard. Journal of Plankton Research 18, 1605-1625. 
Jobling M (1995) Environmental Biology of Fishes Chapman & Hall, London. 
Jürgens K, Arndt H, Rothhaupt KO (1994) Zooplankton-mediated changes of 
bacterial community structure. Microbial Ecology 27, 27-42. 
Jürgens K, Matz C (2002) Predation as a shaping force for the phenotypic and 
genotypic composition of planktonic bacteria. Antonie van Leeuwenhoek 
81, 413-434. 
Kaeuffer R, Peichel CL, Bolnick DI, Hendry AP (2012) Parallel and nonparallel 
aspects of ecological, phenotypic, and genetic divergence across replicate 
population pairs of lake and stream stickleback. Evolution 66, 402-418. 
	  	  
136	  
Karasov WH, Hume ID (1997) The vertebrate gastrointestinal system. In: 
Handbook of Physiology, Section 13: Comparative Physiology (ed. 
Dantzler WH), pp. 407-480. New York, Oxford University Press. 
Karasov WH, Martinez del Rio C (2007) Physiological ecology: how animals 
process energy, nutrients, and toxins Princeton University Press, 
Princeton, N.J. 
Karasov WH, Martínez del Rio C, Caviedes-Vidal E (2011) Ecological 
physiology of diet and digestive systems. Annual Review of Physiology 73, 
69-93. 
Katz T, Yahel G, Yahel R, et al. (2009) Groundfish overfishing, diatom decline, 
and the marine silica cycle: lessons from Saanich Inlet, Canada, and the 
Baltic Sea cod crash. Global Biogeochemical Cycles 23, GB4032. 
Keller L, Surette MG (2006) Communication in bacteria: an ecological and 
evolutionary perspective. Nature Reviews Microbiology 4, 249-258. 
Ketola HG, Richmond ME (1994) Requirement of rainbow trout for dietary 
phosphorus and its relationship to the amount discharged in hatchery 
effluents. Transactions of the American Fisheries Society 123, 587-594. 
Kirchman DL, Dittel AI, Findlay SEG, Fischer D (2004) Changes in bacterial 
activity and community structure in response to dissolved organic matter 
in the Hudson River, New York. Aquatic Microbial Ecology 35, 243-257. 
Koch AL (1985) The macroeconomics of bacterial growth. In: Bacteria in their 
Natural Environments (eds. Fletcher M, Floodgate GD), pp. 1–42. 
Academic Press, London, UK,. 
Kohl KD, Cary TL, Karasov WH, Dearing MD (2013) Restructuring of the 
amphibian gut microbiota through metamorphosis. Environmental 
Microbiology Reports, n/a-n/a. 
Kramer DL, Bryant MJ (1995) Intestine length in the fishes of a tropical stream: 
2. Relationships to diet - the long and short of a convoluted issue. 
Environmental Biology of Fishes 42, 129-141. 
Kratina P, Greig HS, Thompson PL, Carvalho-Pereira TSA, Shurin JB (2012) 
Warming modifies trophic cascades and eutrophication in experimental 
freshwater communities. Ecology 93, 1421-1430. 
Lachnit T, Meske D, Wahl M, Harder T, Schmitz R (2010) Epibacterial 
community patterns on marine macroalgae are host-specific but 
temporally variable. Environmental Microbiology 13, 655-665. 
	  	  
137	  
Lane DJ (1991) 16S/23S rRNA sequencing In: Nucleic Acid Techniques in 
Bacterial Systematics. (eds. Stackebrandt E, Goodfellow M). Wiley, New 
York. 
Langenheder S, Jürgens K (2001) Regulation of bacterial biomass and community 
structure by metazoan and protozoan predation. Limnology and 
Oceanography 46, 121-134. 
Lee KA, Kim SH, Kim EK, et al. (2013) Bacterial-derived uracil as a modulator 
of mucosal immunity and gut-microbe homeostasis in Drosophila. Cell 
153, 797-811. 
Lee YK, Mazmanian SK (2010) Has the microbiota played a critical role in the 
evolution of the adaptive immune system? Science 330, 1768-1773. 
Leflaive J, Danger M, Lacroix G, et al. (2008) Nutrient effects on the genetic and 
functional diversity of aquatic bacterial communities. FEMS Microbiology 
Ecology 66, 379-390. 
Legendre P, Anderson MJ (1999) Distance-based redundancy analysis: testing 
multispecies responses in multifactorial ecological experiments. 
Ecological Monographs 69, 1-24. 
Legendre P, Gallagher E (2001) Ecologically meaningful transformations for 
ordination of species data. Oecologia 129, 271-280. 
Lenanton RCJ (1977) Fishes from the hypersaline waters of the stromatolite zone 
of Shark Bay, Western Australia. Copeia 1977, 387-390. 
Letnic M, Ritchie EG, Dickman CR (2012) Top predators as biodiversity 
regulators: the dingo Canis lupus dingo as a case study. Biological 
Reviews 87, 390-413. 
Letunic I, Bork P (2007) Interactive Tree Of Life (iTOL): an online tool for 
phylogenetic tree display and annotation. Bioinformatics 23, 127-128. 
Ley RE, Hamady M, Lozupone C, et al. (2008a) Evolution of mammals and their 
gut microbes. Science 320, 1647-1651. 
Ley RE, Lozupone CA, Hamedy M, Knight R, Gordon JI (2008b) Worlds within 
worlds: evolution of the vertebrate gut microbiota. Nature Reviews 
Microbiology 6, 776-788. 
Ley RE, Peterson DA, Gordon JI (2006) Ecological and evolutionary forces 
shaping microbial diversity in the human intestine. Cell 124, 837–848. 
	  	  
138	  
Lozupone C, Hamady M, Knight R (2006) UniFrac - An online tool for 
comparing microbial community diversity in a phylogenetic context. BMC 
Bioinformatics 7, 371. 
Lozupone C, Knight R (2005) UniFrac: a new phylogenetic method for 
comparing microbial communities. Applied and Environmental 
Microbiology 71, 8228-8235. 
Lozupone CA, Knight R (2007) Global patterns in bacterial diversity. 
Proceedings of the National Academy of Sciences 104, 11436-11440. 
Lucek K, Roy D, Bezault E, Sivasundar A, Seehausen O (2010) Hybridization 
between distant lineages increases adaptive variation during a biological 
invasion: stickleback in Switzerland. Molecular Ecology 19, 3995-4011. 
Lucek K, Sivasundar A, Seehausen O (2012) Evidence of adaptive evolutionary 
divergence during biological invasion. PLoS ONE 7, e49377. 
Luczkovich JJ, Stellwag EJ (1993) Isolation of cellulolytic microbes from the 
intestinal tract of the pinfish, Lagodon rhomboides: size-related changes in 
diet and microbial abundance. Marine Biology 116, 381-388. 
Ludwig W, Strunk O, Westram R, et al. (2004) ARB: a software environment for 
sequence data. Nucleic Acids Research 32, 1363-1371. 
Lundsgaard-Hansen B (2013) PhD Thesis, University of Bern. 
Lundsgaard-Hansen B, Matthews B, Vonlanthen P, Taverna A, Seehausen O 
(2013) Adaptive plasticity and genetic divergence in feeding efficiency 
during parallel adaptive radiation of whitefish (Coregonus spp.). Journal 
of Evolutionary Biology 26, 483-498. 
MacDonald NL, Stark JR, Austin B (1986) Bacterial microflora in the gastro-
intestinal tract of Dover sole (Solea solea L.), with emphasis on the 
possible role of bacteria in the nutrition of the host. FEMS Microbiology 
Letters 35, 107-111. 
Madritch MD, Greene SL, Lindroth RL (2009) Genetic mosaics of ecosystem 
functioning across aspen-dominated landscapes. Oecologia 160, 119-127. 
Magurran AE (2005) Evolutionary Ecology: the Trinidadian guppy Oxford 
University Press, New York. 
Magurran AE, Phillip DAT (2001) Implications of species loss in freshwater fish 
assemblages. Ecography 24, 645-650. 
	  	  
139	  
Matthews B, Hausch S, Winter C, Suttle CA, Shurin JB (2011a) Contrasting 
ecosystem-effects of morphologically similar copepods. PLoS ONE 6, 
e26700. 
Matthews B, Narwani A, Hausch S, et al. (2011b) Toward an integration of 
evolutionary biology and ecosystem science. Ecology Letters 14, 690-701. 
Mazumder A, Taylor WD, McQueen DJ, Lean DRS (1990) Effects of fish and 
plankton on lake temperature and mixing depth. Science 247, 312-315. 
McCarthy SDS, Rafferty SP, Frost PC (2010) Responses of alkaline phosphatase 
activity to phosphorus stress in Daphnia magna. The Journal of 
Experimental Biology 213, 256-261. 
McFall-Ngai M, Hadfield MG, Bosch TCG, et al. (2013) Animals in a bacterial 
world, a new imperative for the life sciences. Proceedings of the National 
Academy of Sciences 110, 3229-3236. 
McFall-Ngai M, Ruby E (1991) Symbiont recognition and subsequent 
morphogenesis as early events in an animal-bacterial mutualism. Science 
254, 1491-1494. 
McFall-Ngai MJ (1998) The development of cooperative associations between 
animals and bacteria: establishing detente among domains. American 
Zoologist 38, 593-608. 
McIntyre P, Flecker A (2010) Ecological stoichiometry as an integrative 
framework in stream fish ecology. American Fisheries Society Symposium 
73, 539-558. 
McIntyre PB, Flecker AS, Vanni MJ, et al. (2008) Fish distributions and nutrient 
cycling in streams: can fish create biogeochemical hotspots? Ecology 89, 
2335-2346. 
McIntyre PB, Jones LE, Flecker AS, Vanni MJ (2007) Fish extinctions alter 
nutrient recycling in tropical freshwaters. Proceedings of the National 
Academy of Sciences 104, 4461-4466. 
Miller M, Holder M, Vos R, et al. (2010) The CIPRES Portals. 
Miner BG, Sultan SE, Morgan SG, Padilla DK, Relyea RA (2005) Ecological 
consequences of phenotypic plasticity. Trends in Ecology & Evolution 20, 
685-692. 
Moran NA, Baumann P (2000) Bacterial endosymbionts in animals. Current 
Opinion in Microbiology 3, 270-275. 
	  	  
140	  
Moran NA, McCutcheon JP, Nakabachi A (2008) Genomics and evolution of 
heritable bacterial symbionts. Annual Review of Genetics 42, 165-190. 
Mourente G, Medina A, González S, Rodríguez A (1995) Variations in lipid 
content and nutritional status during larval development of the marine 
shrimp Penaeus kerathurus. Aquaculture 130, 187-199. 
Moya-Laraño J (2011) Genetic variation, predator–prey interactions and food web 
structure. Philosophical Transactions of the Royal Society B: Biological 
Sciences 366, 1425-1437. 
Muegge BD, Kuczynski J, Knights D, et al. (2011) Diet drives convergence in gut 
microbiome functions across mammalian phylogeny and within humans. 
Science 332, 970-974. 
Nawrocki EP, Kolbe DL, Eddy SR (2009) Infernal 1.0: inference of RNA 
alignments. Bioinformatics 25, 1335-1337. 
Nayak SK (2010) Role of gastrointestinal microbiota in fish. Aquaculture 
Research 41, 1553-1573. 
Nelson JS (2006) Fishes of the World, 4th edn. John Wiley & Sons, Inc., 
Hoboken, New Jersey. 
Newsome SD, Fogel ML, Kelly L, del Rio CM (2011) Contributions of direct 
incorporation from diet and microbial amino acids to protein synthesis in 
Nile tilapia. Functional Ecology 25, 1051-1062. 
Nilsson E, Olsson K, Persson A, et al. (2008) Effects of stream predator richness 
on the prey community and ecosystem attributes. Oecologia 157, 641-651. 
Noakes D, Barlow G (1973) Ontogeny of parent-contacting behavior in young 
Cichlasoma citrinellum (Pisces, Cichlidae). Behavior 46, 221-255. 
Ochman H, Worobey M, Kuo C-H, et al. (2010) Evolutionary relationships of 
wild hominids recapitulated by gut microbial communities. PLoS Biol 8, 
e1000546. 
Oksanen J, Blanchet FG, Kindt R, et al. (2013) vegan: Community Ecology 
Package. R package version 2.0-8. http://CRAN.R-
project.org/package=vegan. 
Olsson J, Quevedo M, Colson C, Svanbäck R (2007) Gut length plasticity in 
perch: into the bowels of resource polymorphisms. Biological Journal of 
the Linnean Society 90, 517-523. 
Pace ML, Cole JJ (1994) Comparative and experimental approaches to top-down 
and bottom-up regulation of bacteria. Microbial Ecology 28, 181-193. 
	  	  
141	  
Paine RT (1980) Food webs: linkage, interaction strength and community 
infrastructure Journal of Animal Ecology 49, 667-685. 
Palkovacs EP, Marshall MC, Lamphere BA, et al. (2009) Experimental evaluation 
of evolution and coevolution as agents of ecosystem change in Trinidadian 
streams. Phil. Trans. R. Soc. B 364, 1617–1628. 
Parsons KJ, Robinson BW (2007) Foraging performance of diet-induced 
morphotypes in pumpkinseed sunfish (Lepomis gibbosus) favours resource 
polymorphism. Journal of Evolutionary Biology 20, 673-684. 
Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and biological 
methods for seawater analysis, 1st edn. Pergamon Press, New York. 
Pastor J, Naiman RJ (1992) Selective foraging and ecosystem processes in boreal 
forests. The American Naturalist 139, 690-705. 
Peacor SD, Werner EE (2001) The contribution of trait-mediated indirect effects 
to the net effects of a predator. Proceedings of the National Academy of 
Sciences 98, 3904-3908. 
Pearish S, Hostert L, Bell AM (2013) Behavioral type-environment correlations in 
the field: a study of three-spined stickleback. Behavioral Ecology and 
Sociobiology 67, 765-774. 
Perez T, Balcazar JL, Ruiz-Zarzuela I, et al. (2010) Host-microbiota interactions 
within the fish intestinal ecosystem. Mucosal Immunology 3, 355-360. 
Pernthaler J (2005) Predation on prokaryotes in the water column and its 
ecological implications. Nat Rev Micro 3, 537-546. 
Peter H, Beier S, Bertilsson S, et al. (2011) Function-specific response to 
depletion of microbial diversity. The ISME journal 5, 351-361. 
Piersma T, Drent J (2003) Phenotypic flexibility and the evolution of organismal 
design. Trends in Ecology & Evolution 18, 228-233. 
Pinheiro J, Bates D, DebRoy S, Sarkar D, Team RDC (2013) nlme: Linear and 
Nonlinear Mixed Effects Models. R package version 3.1-109. 
Pinto-Tomás AA, Sittenfeld A, Uribe-Lorío L, et al. (2011) Comparison of 
midgut bacterial diversity in tropical caterpillars (Lepidoptera: 
Saturniidae) fed on different diets. Environmental Entomology 40, 1111-
1122. 
Preisser EL, Bolnick DI, Benard MF (2005) Scared to death? The effects of 
intimidation and consumption in predator–prey interactions. Ecology 86, 
501-509. 
	  	  
142	  
R Core Team (2013) R: A language and environment for statistical computing. R 
Foundation for Statistical Computing V, Austria. URL http://www.R-
project.org/. 
Ramette A (2009) Quantitative community fingerprinting methods for estimating 
the abundance of operational taxonomic units in natural microbial 
communities. Applied and Environmental Microbiology 75, 2495-2505. 
Rawls JF, Mahowald MA, Ley RE, Gordon JI (2006) Reciprocal gut microbiota 
transplants from zebrafish and mice to germ-free recipients reveal host 
habitat selection. Cell 127, 423-433. 
Rawls JF, Samuel BS, Gordon JI (2004) Gnotobiotic zebrafish reveal 
evolutionarily conserved responses to the gut microbiota Proceedings of 
the National Academy of Sciences 101, 4596-4601. 
Ray AK, Ghosh K, Ringø E (2012) Enzyme-producing bacteria isolated from fish 
gut: a review. Aquaculture Nutrition 18, 465-492. 
Relyea RA, Auld JR (2004) Having the guts to compete: how intestinal plasticity 
explains costs of inducible defences. Ecology Letters 7, 869-875. 
Reynolds PL, Bruno JF (2013) Multiple predator species alter prey behavior, 
population growth, and a trophic cascade in a model estuarine food web. 
Ecological Monographs 83, 119-132. 
Reznick D (1982) The impact of predation on life history evolution in Trinidadian 
Guppies: genetic basis of observed life history patterns. Evolution 36, 
1236-1250. 
Reznick DA, Bryga H, Endler JA (1990) Experimentally induced life-history 
evolution in a natural population. Nature 346, 357-359. 
Reznick DN (1983) The structure of guppy life histories: the tradeoff between 
growth and reproduction. Ecology 64, 862-873. 
Reznick DN, Bryga HA (1996) Life-history evolution in guppies (Poecilia 
reticulata: Poeciliidae) .5. Genetic basis of parallelism in life histories. 
American Naturalist 147, 339-359. 
Reznick DN, Rodd FH, Cardenas M (1996) Life-history evolution in guppies 
(Poecilia reticulata: Poeciliidae). IV. Parallelism in life-history 
phenotypes. The American Naturalist 147, 319-338. 
Riemann B (1985) Potential importance of fish predation and zooplankton grazing 
on natural populations of freshwater bacteria. Applied and Environmental 
Microbiology 50, 187-193. 
	  	  
143	  
Ringø E, Sperstad S, Myklebust R, Refstie S, Krogdahl Å (2006) Characterisation 
of the microbiota associated with intestine of Atlantic cod (Gadus morhua 
L.): the effect of fish meal, standard soybean meal and a bioprocessed 
soybean meal. Aquaculture 261, 829-841. 
Roeselers G, Mittge EK, Stephens WZ, et al. (2011) Evidence for a core gut 
microbiota in the zebrafish. ISME J 5, 1595-1608. 
Russell JA, Goldman-Huertas B, Moreau CS, et al. (2009) Specialization and 
geogrpahic isolation among Wolbachia symbionts and from ants and 
lycaenid butterflies. Evolution 63, 624-640. 
Sabree ZL, Kambhampati S, Moran NA (2009) Nitrogen recycling and nutritional 
provisioning by Blattabacterium, the cockroach endosymbiont. 
Proceedings of the National Academy of Sciences 106, 19521-19526. 
Sakata T, Sugita H, Mitsuoka T, Kakimoto D, Kadota H (1981) Characteristics of 
obligate anaerobic bacteria in the intesties of freshwater fish. Bulletin of 
the Japanese Society of Scientific Fisheries 47, 421-427. 
Schindler DE, Carpenter SR, Cole JJ, Kitchell JF, Pace ML (1997) Influence of 
food web structure on carbon exchange between lakes and the atmosphere. 
Science 277, 248-251. 
Schloss PD, Westcott SL, Ryabin T, et al. (2009) Introducing Mothur: open-
source, platform-independent, community supported software for 
describing and comparing microbial communities. Applied and 
Environment Microbiology 75, 7537-7541. 
Schluter D (1995) Adaptive radiation in sticklebacks: trade-offs in feeding 
performance and growth. Ecology 76, 82-90. 
Schmitz O (2010) Resolving Ecosystem Complexity Princeton University Press, 
Princeton, N.J. 
Schmitz OJ (2009) Effects of predator functional diversity on grassland 
ecosystem function. Ecology 90, 2339-2345. 
Schmitz OJ, Krivan V, Ovadia O (2004) Trophic cascades: the primacy of trait-
mediated indirect interactions. Ecology Letters 7, 153-163. 
Schreiber SJ, Bürger R, Bolnick DI (2011) The community effects of phenotypic 
and genetic variation within a predator population. Ecology 92, 1582-
1593. 
Schweitzer JA, Bailey JK, Fischer DG, et al. (2008) Plant-soil microorganism 
interactions: heritable relationship between plant genotype and associated 
soil microorganisms. Ecology 89, 773-781. 
	  	  
144	  
Schweitzer JA, Fischer DG, Rehill BJ, et al. (2011) Forest gene diversity is 
correlated with the composition and function of soil microbial 
communities. Population Ecology 53, 35-46. 
Semova I, Carten JD, Stombaugh J, et al. (2012) Microbiota regulate intestinal 
absorption and metabolism of fatty acids in the zebrafish. Cell Host & 
Microbe 12, 277-288. 
Sergio F, Newton I, Marchesi L (2005) Top predators and biodiversity. Nature 
436, 192-192. 
Shubin N (2008) Your Inner Fish: A Journey into the 3.5-Billion-Year History of 
the Human Body. Random House, Inc., New York. 
Shurin JB ( 2012) Top-down and bottom-up regulation of communities. In: 
Oxford Bibliographies Online: Ecology (ed. Gibson D). Oxford University 
Press, New York. 
Sibly RM (1981) Strategies of digestion and defecation. In: Physiological 
Ecology: an evolutionary approach to resource use (eds. Townsend CR, 
Calow. P), pp. 109-139. Blackwell Scientific Publications, Oxford. 
Skroch P, Nienhuis J (1995) Impact of scoring error and reproducibility RAPD 
data on RAPD based estimates of genetic distance. TAG Theoretical and 
Applied Genetics 91, 1086-1091. 
Smith VH (2007) Microbial diversity–productivity relationships in aquatic 
ecosystems. FEMS Microbiology Ecology 62, 181-186. 
Smriga S, Sandin SA, Azam F (2010) Abundance, diversity, and activity of 
microbial assemblages associated with coral reef fish guts and feces. 
FEMS Microbiology Ecology 73, 31-42. 
Snowberg LK, Bolnick DI (2012) Partitioning the effects of spatial isolation, nest 
habitat, and individual diet in causing assortative mating within a 
population of threespine stickleback. Evolution 66, 3582-3594. 
Spanggaard B, Huber I, Nielsen J, et al. (2000) The microflora of rainbow trout 
intestine: a comparison of traditional and molecular identification. 
Aquaculture 182, 1-15. 
Spor A, Koren O, Ley R (2011) Unravelling the effects of the environment and 
host genotype on the gut microbiome. Nat Rev Micro 9, 279-290. 
Stackebrandt E, Goebel BM (1994) A place for DNA-DNA reassociation and 16S 
rRNA sequence analysis in the present species definition in bacteriology. 
International Journal of Systematic Bacteriology 44, 846-849. 
	  	  
145	  
Steele JA, Countway PD, Xia L, et al. (2011) Marine bacterial, archaeal and 
protistan association networks reveal ecological linkages. ISME J 5, 1414-
1425. 
Sterner JW, Elser JJ (2002) Ecological stoichiometry: The biology of elements 
from molecules to the biosphere Princeton University Press, Princeton, 
N.J. 
Stevens CE, Hume ID (1995) Comparative physiology of the vertebrate digestive 
system Cambridge University Press, Cambridge. 
Sugita H, Ito Y (2006) Identification of intestinal bacteria from Japanese flounder 
(Paralichthys olivaceus) and their ability to digest chitin. Letters in 
Applied Microbiology 43, 336-342  
Sugita H, Miyajima C, Deguchi Y (1991) The vitamin B12-producing ability of 
the intestinal microflora of freshwater fish. Aquaculture 92, 267-276. 
Sullam KE, Dalton CM, Russell JA, et al. (In preparation) Changes in digestive 
traits and body nutritional composition accommodate a trophic niche shift 
in Trinidadian guppies. 
Sullam KE, Essinger SD, Lozupone CA, et al. (2012) Environmental and 
ecological factors that shape the gut bacterial communities of fish: a meta-
analysis. Molecular Ecology 21, 3363–3378. 
Swofford D (2006) PAUP* 4.0, (Sinauer, Sunderland, MA), Version 4.0b10. 
Taylor BW, Flecker AS, Hall RO (2006) Loss of a harvested fish species disrupts 
carbon flow in a diverse tropical river. Science 313, 833-836. 
Thomas CD, Cameron A, Green RE, et al. (2004) Extinction risk from climate 
change. Nature 427, 145-148. 
Torres LE, Vanni MJ (2007) Stoichiometry of nutrient excretion by fish: 
interspecific variation in a hypereutrophic lake. Oikos 116, 259-270. 
Torres-Dowdall J, Handelsman CA, Reznick DN, Ghalambor CK (2012) Local 
adaptation and the evolution of phenotypic plasticity in Trinidadian 
guppies (Poecilia reticulata). Evolution 66, 3432-3443. 
Tracy CR, Diamond J (2005) Regulation of gut function varies with life history 
traits in Chuckwallas (Sauromalus obesus: Iguanidae). Physiological and 
Biochemical Zoology 78, 469-481. 
Tremaroli V, Backhed F (2012) Functional interactions between the gut 
microbiota and host metabolism. Nature 489, 242-249. 
	  	  
146	  
Tsuchiya C, Sakata T, Sugita H (2008) Novel ecological niche of Cetobacterium 
somerae, an anaerobic bacterium in the intestinal tracts of freshwater fish. 
Letters in Applied Microbiology 46, 43-48. 
Turnbaugh PJ, Ley RE, Mahowald MA, et al. (2006) An obesity-associated gut 
microbiome with increased capacity for energy harvest. Nature 444, 1027-
1031. 
Tzaras A, Pick FR, Mazumder A, Lean DRS (1999) Effects of nutrients, 
planktivorous fish and water column depth on components of the 
microbial food web. Aquatic Microbial Ecology 19, 67-80. 
Van Nevel S, Koetzsch S, Weilenmann H-U, Boon N, Hammes F (2013) Routine 
bacterial analysis with automated flow cytometry. Journal of 
Microbiological Methods 94, 73-76. 
Vanni MJ, Layne CD (1997) Nutrient recycling and herbivory as mechanisms in 
the “top-down” effect of fish on algae in lakes. Ecology 78, 21-40. 
Wagner CE, McIntyre PB, Buels KS, Gilbert DM, Michel E (2009) Diet predicts 
intestine length in Lake Tanganyika’s cichlid fishes. Functional Ecology 
23, 1122-1131. 
Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive bayesian classifier for 
rapid assignment of rRNA sequences into the new bacterial taxonomy. 
Applied and Environmental Microbiology 73, 5261-5267. 
Ward JA, Barlow GW (1967) The maturation and regulation of glancing off the 
parents by young orange chromides (Etroplus maculatus: Pisces - 
Cichlidae). Behaviour 29, 1-56. 
Werner EE, Gilliam JF, Hall DJ, Mittelbach GG (1983) An experimental test of 
the effects of predation risk on habitat use in fish. Ecology 64, 1540-1548. 
Werner TK, Sherry TW (1987) Behavioral feeding specialization in Pinaroloxias 
inornata, the “Darwin's Finch” of Cocos Island, Costa Rica. Proceedings 
of the National Academy of Sciences 84, 5506-5510. 
Whitham TG, Young WP, Martinsen GD, et al. (2003) Community and 
ecosystem genetics: a consequence of the extended phenotype. Ecology 
84, 559-573. 
Wickham SA (1998) The direct and indirect impact of Daphnia and Cyclops on a 
freshwater microbial food web. Journal of Plankton Research 20, 739-
755. 
	  	  
147	  
Willing E-M, Bentzen P, Van Oosterhout C, et al. (2010) Genome-wide single 
nucleotide polymorphisms reveal population history and adaptive 
divergence in wild guppies. Molecular Ecology 19, 968-984. 
Wolf M, Weissing FJ (2012) Animal personalities: consequences for ecology and 
evolution. Trends in Ecology & Evolution 27, 452-461. 
Wong S, Waldrop T, Summerfelt S, et al. (2013) Aquacultured rainbow trout 
(Oncorhynchus mykiss) possess a large core intestinal microbiota that is 
resistant to variation in diet and rearing density. Applied and 
Environmental Microbiology. 
Wu D, Hugenholtz P, Mavromatis K, et al. (2009) A phylogeny-driven genomic 
encyclopaedia of Bacteria and Archaea. Nature 462, 1056-1060. 
Wu S, Gao T, Zheng Y, et al. (2010) Microbial diversity of intestinal contents and 
mucus in yellow catfish (Pelteobagrus fulvidraco). Aquaculture 303, 1-7. 
Yan Q, van der Gast CJ, Yu Y (2012) Bacterial community assembly and 
turnover within the intestines of developing zebrafish. PLoS ONE 7, 
e30603. 
Yildirim S, Yeoman CJ, Sipos M, et al. (2010) Characterization of the fecal 
microbiome from non-human wild primates reveals species specific 
microbial communities. PLoS ONE 5, e13963. 
Zandonà E (2010) The trophic ecology of guppies (Poecilia reticulata) from the 
streams of Trinidad, Drexel University. 
Zandonà E, Auer SK, Kilham SS, et al. (2011) Diet quality and prey selectivity 
correlate with life histories and predation regime in Trinidadian guppies. 
Functional Ecology 25, 964-973. 
Zhu L, Wu Q, Dai J, Zhang S, Wei F (2011) Evidence of cellulose metabolism by 
the giant panda gut microbiome. Proceedings of the National Academy of 
Sciences 108, 17714-17719. 
Zilber-Rosenberg I, Rosenberg E (2008) Role of microorganisms in the evolution 
ofanimals and plants: the hologenome theory of evolution. FEMS 
Microbiology Reviews 32, 723–735. 
Zintzen V, Roberts CD, Clark MR, et al. (2011) Composition, distribution and 
regional affinities of the deepwater ichthyofauna of the Lord Howe Rise 
and Norfolk Ridge, south-west Pacific Ocean. Deep Sea Research Part II: 
Topical Studies in Oceanography 58, 933-947. 
Zoetendal EG, Akkermans ADL, Akkermans-van Vliet WM, de Visser JAGM, de 
Vos WM (2001) The host genotype affects the bacterial community in the 
	  	  
148	  
human gastronintestinal tract. Microbial Ecology in Health and Disease 
13, 129-134. 
Zöllner E, Hoppe H-G, Sommer U, Jürgens K (2009) Effect of zooplankton-
mediated trophic cascades on marine microbial food web components 
(bacteria, nanoflagellates, ciliates). Limnology and Oceanography 54, 
262-275. 
Zöllner E, Santer B, Boersma M, Hoppe H-G, Jürgens K (2003) Cascading 
predation effects of Daphnia and copepods on microbial food web 
components. Freshwater Biology 48, 2174-2193. 
 
 
  
	  	  
149	  
APPENDICES 
 
Appendix A:  
 
Supporting Information for Chapter 1: Environmental and ecological factors that 
shape the gut bacterial communities of fish: a meta-analysis 
 
Methods: 
Guppy Sequence Acquisition: 
Bacterial DNA from the guts of six Trinidadian guppies (Poecilia 
reticulata), which were collected from the Aripo and Quare streams in 2009, were 
extracted using the DNeasy™ Tissue Kit (Qiagen Inc., Valencia, CA) according 
to manufacturer’s protocol. Eubacterial 16S rRNA genes were then amplified 
with the universal primers, 9Fa and 1513R (Russell et al. 2009). The cycling 
conditions were (i) 94°C for 2 min; 35 cycles of (ii) 94°C for 1 min, (iii) 56°C for 
1 min, (iv) 72°C for 2 min, and (v) a final extension step of 72°C for 6 min. For 
all amplifications, we used the following PCR recipe: 2.5 µL Qiagen 10X Taq 
polymerase buffer (MgCl at 15 mM), 2.5 µL dNTP mix (25 mM of each 
nucleotide), 2.5 µL MgCl (25 mM), 2 µL of each primer (at 5 µM), 0.2 µL of 
Qiagen Taq polymerase (5 units/µL), and between 1.92 to 7.5 µL BSA (at 10 
mg/mL). The remaining volume was water, and reactions were run at volumes of 
25 uL. Bands at ~1500 bp were excised from agarose gels and purified with 
QIAquick Gel Extraction Kits. PCR products were then cloned using the 
Invitrogen TopoTA system (vector pCR2.1) according to the manufacturer’s 
protocol. Ligated plasmids were transformed into One Shot competent E. coli 
cells (Invitrogen, Carlsbad, CA), which were subsequently plated on LB plates 
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with Kanamycin. Colonies with cloned fragments were identified through blue-
white colony screening, and insert sizes were verified by running PCR reactions 
with vector primers M13F and M13R. We sequenced properly sized inserts from 
these clones with the primer 1072R. The sequences were edited with Sequencher 
version 4.2, and run through Bellerophon to check for chimeras. Putative 
chimeras from the guppy library were not included in the analysis. Due to low 
sampling for individual guppies, the 112 quality sequences from these fish were 
combined into one library for further analyses.  
 
Grouping Sequences into Libraries 
 The sequences from studies were grouped into libraries based on 
geographic location, publication and sampling technique (i.e. culture or culture-
independent methods). Therefore, the two Danio rerio samples from Eugene, 
Oregon originally published in Roeselers et al. 2011 were grouped together in this 
study. In addition, the Pelteobagrus fulvidraco representative sequences isolated 
from the intestinal mucus and the intestinal content were combined since many of 
the studies focused on whole gut analyses and did not partition the different 
segments of the gut.  
 
Results and Discussion: 
Cluster Analysis: Broad Dataset 
 The dendrogram constructed from the pairwise UniFrac distances among 
communities from the Broad Dataset identified fish gut communities as falling 
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into several discrete groups (Figure S4). Among the more interesting groupings 
was one that contained communities of the four marine herbivorous fish 
(Acanthurus nigricans, Chlorurus sordidus, Naso tonganus, and Pomacanthus 
sexstriatus) along with one community from a marine carnivore (Lutjanus bohar). 
This group was, in turn, similar to communities from anoxic rice paddy soil and 
those from the guts of a gorilla and a short tailed bat. More distantly related 
communities hailed from the guts of earthworms, beetles, and termites. 
Interestingly, the most similar communities to three of the remaining five fish-
community-clusters hailed primarily from the guts of invertebrates. In contrast, 
the remaining two fish-associated clusters grouped with free-living bacterial 
communities—in one case, two marine fish communities grouped with marine 
communities; in the second, the communities from three freshwater fish grouped 
with communities from terrestrial and hot spring habitats. Cluster analysis also 
separated zebrafish gut communities—grouping those from North Carolina, India, 
and Oregon in a separate cluster from those collected from the University of 
Washington, Seattle and from Washington University, St. Louis (Rawls et al. 
2006).  
 
Considering the potential for methodological biases 
We did not find that differential sampling efforts across libraries was a 
major cause of the observed trends in this study. For instance, in spite of the 
extensive sampling of the zebrafish gut communities, lineages of bacteria from 
marine herbivores rarely included associates from zebrafish hosts (Table S1). 
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Similarly, zebrafish gut associates were rarely found within clades of microbes 
from marine omnivores and carnivores. Thus, while we do not argue that 
differential sampling has had no effect on our results, it has not likely biased our 
conclusion that different fish species do indeed harbor distinct microbial 
communities.  
 In further examining alternative explanations for our findings, we note that 
the different primers used in different studies are not likely to be the cause of the 
variation among samples (Table S2). For example, samples such as the 
herbivorous Acanthurus nigricans and all of the omnivorous Danio rerio were 
amplified with the same primers, but still showed strong divergence. Similarly 
communities from the salmonids (Salmo spp. and Oncorhynchus mykiss) group 
together despite being amplified with different primer sets (Figure S5). 
Combined, these considerations reinforce our findings of distinct gut communities 
in different fish that are shaped by their hosts’ biology and habitat.  
 
Weedy species and the distorting effects of cultivation 
Culturing bacteria only captures a subset of the bacterial community 
within a sample that are easily grown. As a result, cultured versus culture-
independent samples from the same environment tend to separate along PCoA2. 
As an example, samples from culture-independent analysis of soils tend to have 
low values along PCoA2, but bacteria cultured from soils have a high value. 
Samples from the invertebrate gut (excluding termites) also tend to have high 
values along PCoA2, clustering with the cultured samples (also see Ley et al. 
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2008b). The association between bacteria that grow easily in culture and those 
associated with invertebrate guts may indicate that these animal-associated 
communities are composed of r-selected organisms (i.e. fast growing or ‘weedy’) 
that can quickly utilize readily available nutrients (Ley et al. 2008b). The fish gut 
samples that do not cluster near the mammal gut generally cluster with 
invertebrate-gut assemblages and with both free-living and host-associated 
cultured samples. The samples cultured from the fish gut have particularly high 
values along PCoA2 (Figure 4). This may indicate overall that a major factor 
differentiating intestinal microbes in diverse hosts, ranging from insects to fish, is 
the degree to which those microbes are part of a differentiated fermentation 
chamber (e.g. termites, herbivorous marine fish, and non-carnivorous mammals), 
versus a relatively simple gut that does not contribute to nutrition through the 
fermentation of complex carbohydrates, but instead contains relatively weedy 
species. 
 
Effects of salinity on fish gut communities 
Habitat (corresponding to freshwater, saltwater or estuarine) also had an 
influence in shaping the gut microbial community. This was apparent along the 
second and third PCoA in the de novo tree, and was significant in both our 
MANOVA and ANOVA analyses. Because salinity has a strong effect in shaping 
the microbial community within free-living environment (Lozupone & Knight 
2007), the corresponding changes in fish gut bacteria may reflect the changes in 
microbes available in the environment to colonize the guts of fish. It should be 
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noted, however, that Monte Carlo simulations did not find UniFrac distances to be 
significantly lower among communities from different habitats. This was most 
likely due to the division between herbivorous fish gut microbes and non-
herbivorous fish gut microbes from marine fish. Since three of the four 
herbivorous fish had distinctive gut communities, they most likely introduced 
greater UniFrac distances when compared to non-herbivorous marine fish 
communities, making the UniFrac distance within habitats and between habitats 
comparatively equal. As expected under such a scenario, the trophic level x 
habitat interaction was significant, illustrating that fish from the same trophic 
levels and habitats have more similar communities. However, given that no 
communities have been sampled from freshwater herbivores, it is not yet clear 
whether the unique communities of herbivorous fish are reflected in those from 
their freshwater counterparts. 
 
Effects of host relatedness on community similarity 
Bacterial gut communities from fish of the same orders were significantly 
different across the PCoA axes. Yet since the studied Perciformes (designated in 
Table 1) are not monophyletic, it is difficult to draw conclusions from this result. 
When considering gut communities among more closely related fish, we did 
observe clustering of bacteria from the same host species (i.e. zebrafish and 
rainbow trout samples along the second PCoA axis of Figure 1), suggesting that, 
at least at the species level, more related fish may possess more similar species of 
gut bacteria. 
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Effects of provenance on community similarity 
It is interesting to note that in spite of their different origins—four from 
lab populations, and one from a wild caught population in India—intestinal 
communities from zebrafish clustered together in PCoA space (Figure 2). And 
although analyses with the Broad Dataset hinted at greater distinction between 
these communities than previous appreciated (Figure 3), this trend suggests that 
provenance does not have a dominant influence on microbial communities, 
consistent with previous findings from mammals (Ley et al. 2008a).  
 
A link between gut morphology and community composition? 
As mentioned in the main body of the manuscript, the guts of three out of 
four marine herbivorous fish were especially divergent from the other fish gut 
bacterial communities. The clustering of marine herbivorous fish near the 
mammal gut is consistent with previous observations that some marine 
herbivorous fish, particularly those that feed on both micro and macroalgae, 
harbor an abundant microbiota in the posterior intestine (Clements et al. 2007; 
Fidopiastis et al. 2006). Marine herbivorous fish have levels of short-chain fatty 
acids (SCFAs) in their intestine that are comparable to those of ectothermic 
terrestrial vertebrate herbivores, suggesting that gastrointestinal microorganisms 
contribute to their nutrition (Clements & Choat 1995). Pomachanthus sexstriatus 
has an extra hindgut chamber where fermentation takes place, while an adult 
Chlorurus sordidus develops an intestinal bulb. These distinctive structures may 
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help contribute to the differentiation of their bacterial communities from other 
fish. However, SCFA have also been found in herbivorous fish that lack 
specialized chambers (Clements & Choat 1995; Clements et al. 1994), so a certain 
gut morphology does not appear to be necessary for fermentation in fish and may 
not be a prerequisite for them to acquire a specialized gut bacterial community. In 
addition, Naso tonganus has no specialized gut morphology and yet still has a 
bacterial community that is similar to two of the other herbivores. In mammals, 
however, it was found that gut morphology was important for differentiating 
between their associated bacterial communities (e.g. the foregut fermenters and 
the hindgut fermenters differed from each other) (Ley et al. 2008a). Perhaps such 
distinctions will become apparent with greater sampling across herbivorous fish.  
 
The outlying herbivorous gut community 
Three of the four marine herbivores all harbored similar gut communities, 
which bore resemblance to those from mammals. The exception to this trend 
came from Chlorurus sordidus. While the other three fish had bacteria analyzed 
directly from their intestinal tissue, this outlying species differs in that its fecal 
pellets were collected, and perhaps environmental microbes were introduced to 
the sample one it had settled on the substrate prior to its collection (Smriga et al. 
2010).  In addition, Chlorurus sordidus undergoes an ontogenetic shift in diet 
(Chen 2002). Because the sampled community was taken from an herbivorous 
adult specimen (Smirga and Sandin, Pers. Comm.), it was categorized as an 
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herbivore for this study. However, questions remain regarding the effect of 
developmental dietary shifts on an organism’s gut microbiome. 
 
Limitations of our meta-analysis 
A limitation of this meta-analysis not discussed in the main body of our 
manuscript is the dependency on scientists to submit their full sequence libraries. 
Based on our literature search, many authors have not done so, with some 
neglecting to even submit representative sequences to the NCBI database. In 
addition, variation among the methods used by the researchers who compiled the 
fish bacterial sequences (i.e. different extraction methods, sequence lengths, and 
isolation techniques) could also influence our results. Furthermore, since some 
guts in the targeted studies may not have been emptied of food, it is possible that 
some of our results reflect microbes from fish diets. Therefore, we suggest future 
analyses allow guts to be cleared of food items prior to analyses. 
Despite these disadvantages, strongly suggestive patterns hint at the forces 
that shape gut bacterial communities across the fish. Therefore, we believe this 
topic warrants further investigation because previous studies have largely ignored 
the link of gut bacteria to fish ecology and evolutionary histories. Ideally, studies 
would control for two out of the three factors—habitat, trophic level and 
relatedness—while varying the third. Such studies could be executed in groups 
where closely related individuals vary in trophic level while colonizing similar 
habitats. 
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Supplementary Figures and Tables 
Figure S1: Ordinal level classification of sequences from whole fish libraries 
generated with universal 16S rRNA PCR primers from non-cultured samples. Bar 
graphs for each library represent the percentage of bacteria assigned to each order 
with >80% bootstrap confidence. There was a clear distinction in the bacterial 
composition of freshwater vs. saltwater fish, particularly among Vibrionales 
(purple), which were more numerous in saltwater fish guts, and Aeromonadales 
(blue), which were more prominent in the guts of freshwater & migratory fish. 
Three out of four marine herbivores also harbored gut communities that were 
enriched for Bacteroidales and Clostridiales 
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Figure S2: Phylogenetic tree generated from maximum likelihood analysis on the 
Fish Dataset. Color strips reveal information on bacterial taxonomy (i.e. classes; 
inner circle) and fish habitat (outer circle), while branches are colored to indicate 
the trophic level for the host fish. Sequences with < 80% bootstrap support for a 
bacterial class were designated as unclassified.  
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Figure S3: Results of principal coordinates analysis based on pairwise 
unweighted UniFrac distances for bacterial communities from culture-
independent data only. Symbols representing individual communities are colored 
by trophic level (green: herbivores, red: carnivores and yellow: omnivores). 
Shapes represent the habitats from which the samples were derived (circle: 
saltwater, triangle: estuarine, square: freswater, diamond: historically migratory 
but sampled from freshwater Symbols with “D” on the top left illustrate 
individual zebrafish libraries, while those with “O” represent rainbow trout 
libraries. 
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Figure S4: UniFrac cluster analysis dendrogram illustrating similarity of 
communities from our Broad Dataset analysis. Note that fish gut communities are 
dispersed on this tree. Several show clustering with communities from vertebrates 
(black) and invertebrates (tan), while others group with free-living communities 
(light blue). 
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Figure S5: PCoA results illustrating the location of communities from each 
sampled fish host along PCoA axes 1 and 2. Results are equivalent to those shown 
in Figure 2 (i.e. based on unweighted UniFrac analysis on the Fish Dataset). This 
figure shows each sample labeled with the initials of the fish genus and species 
names, with the following exceptions: 1) The Salmo salar community is labeled 
as SaS to differentiate it from Solea senegalensis (labled as SS). 2) The 
Oncorhynchus mykiss communities are distinguished with “H” and “K” to 
respectively indicate Huber or Kim as the author names. 3) All Danio rerio 
communities, except that from Rawls et al. 2006, have an extra initial to indicate 
the origin of population (shown in parentheses in Table S2). It is of interest to 
note that despite the use of 3 different primer sets the cultured salmonid 
communities (from Salmo spp. and Oncorhynchus mykiss) group together. In 
addition, the Danio rerio communities are distinct from those of Acanthurus 
nigricans, Pelteobagrus fulvidraco, Lutjanus bohar, and Chlorurus sordidus 
despite the use of the same primers to target these communities. These trends 
reveal that primer differences were not a clear cause of the distinctions between 
the fish libraries. 
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Table S1 (See online supplementary material with corresponding 
manuscript: http://onlinelibrary.wiley.com/doi/10.1111/j.1365-
294X.2012.05552.x/suppinfo): Habitats and lifestyles of fish gut bacteria and 
their relatives. Fish gut bacteria from this meta-analysis (red, bold font) are listed 
here and grouped according the clades they fell into in our phylogenetic analysis 
with top BLASTn hits. Relevant BLASTn hits from these same clades are listed 
here as well (fish host, non-gut: light blue font; unspecified source: gray font; 
mammalian host, non-gut: pink font; mammalian host, gut: dark blue font; 
invertebrate host: orange font; non-symbiotic, environmental source: black font). 
(Note that bacteria from artificial habitats and plants are not listed here and that 
fish gut associates that were basal to clades with mixed habitat types were not 
assigned to clades.)  For all sequences, we also list taxonomic classification 
(based on RDP analyses—(Cole et al. 2009), sources of origin and habitat types 
(when specified), and NCBI accession numbers. For bacteria from fish and 
mammalian guts we list the trophic level of the host animal. See associated 
Microsoft Excel file. 
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Table S2: List of primers used in studies
Fish: Publication: Forward Primer: Reverse Primer:
Acanthurus nigricans Smriga et al. 2010 27F 1492R
Chaenocephalus aceratus Ward et al. 2009 27F 1525R
Chlorurus sordidus Smriga et al. 2010 27F 1492R
Danio rerio (Eugene) Roeselers et al. 2011 27F 1492R
Danio rerio (India) Roeselers et al. 2011 27F 1492R
Danio rerio (Seattle) Roeselers et al. 2011 27F 1492R
Danio rerio (Chapel Hill) Roeselers et al. 2011 27F 1492R
Danio rerio Rawls et al. 2006 27F 1491R
Epinephelus coioides Sun et al. 2009 8F 1510R
Gillichthys mirabilis Bano et al. 2007 8F & 9F 1492R 
Hippocampus guttulatus Balcázar et al. 2010 27F 1522R
Lutjanus bohar Smriga et al. 2010 27F 1492R
Naso tonganus Mendell, Unpublished 8F 1492R
Notothenia coriiceps Ward et al. 2009 27F 1525R
Oncorhynchus mykiss Huber et al. 2004 8F 1541R
Oncorhynchus mykiss Kim et al. 2007 63F 1387R 
Oncorhynchus mykiss Kim et al. 2007 63F 1387R 
Pelteobagrus fulvidraco Wu et al. 2010 27F 1491R
Poecilia reticulata This study 9Fa 1513R
Pomacanthus sexstriatus Ward, Unpublished 8F 1492R
Salmo salar Skrodenyt!-Arba"iauskien! et al. 2008 340F 1100R
Salmo trutta fario Skrodenyte-Arbaciauskiene et al. 2006 340F 1100R
Salmo trutta trutta Skrodenyt!-Arba"iauskien! et al. 2008 340F 1100R
Solea senegalensis Martin-Antonio et al. 2007 63F 1387R
Takifugu niphobles Shiina et al. 2006 27F 685R
Primers were noted in publications for all libraries except those generated in this study and the 
unpublished sequences, which were communicated by the author  
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Appendix B:  
 
Supporting Information for Chapter 2: Changes in digestive traits and body 
nutritional composition accommodate a trophic niche shift in Trinidadian guppies 
 
Methods: 
Collection: 
HP fish were from a stream reach in the Aripo River (GPS: 10.66568N 
61.22789W) and LP guppies were from a smaller, upstream reach in the Naranjo 
River, a tributary of the Aripo (GPS: 10.69048N 61.23689W). Life history traits 
of these populations, which are heritable and maintained in common garden 
conditions, have been shown to conform to the expected HP-LP differences 
(Reznick 1982; Reznick et al. 1990). These populations also exhibit dietary 
differences, and guppies from the HP Aripo site consume a higher quality 
(invertebrate-based) diet than LP guppies from the Aripo, which consume low 
quality (algae and detrital based) diets (Zandonà et al. 2011). Seventy juvenile 
guppies were collected from each site with hand nets. They were transported to an 
animal care facility at Cornell University in 2L Nalgene bottles with an oxygen 
tablet and no more than 10 fish in each container. We acclimated juvenile guppies 
in the lab environment for six weeks on a diet of commercial flake food (Brine 
Shrimp Flake, Brine Shrimp Direct, Inc., Ogden, UT) and live brine shrimp 
nauplii (within two days of hatch, source: Grade A Brine Shrimp Eggs, Brine 
Shrimp Direct, Inc., Ogden, UT). 
 
Tank Set-up: 
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Tanks were 20.9L glass aquaria (Deep Blue Professional, Inc.) filled with 
19L of deionized water with added Instant Ocean ™ (0.9 g·L-1) and Sodium 
Bicarbonate (0.2 g·L-1). Water was changed at 60-70% every two weeks 
throughout the experimental period, and air-driven box filters with activated filter 
carbon and filter floss were used for filtration in each tank. All of activated carbon 
and 50% of the filter floss were changed every two weeks.  
 
Dietary Treatments: 
The spinach diet was composed of 82% dried spinach (Wegman’s Brand 
Organic Baby Spinach) and 5% dried brine shrimp (Brine Shrimp Direct, Ogden, 
Utah). The invertebrate diet was composed of 76% dried brine shrimp and 11% 
dried spinach. Both brine shrimp and spinach were dried at 55°C, homogenized 
(powdered) using a mortar and pestle and mixed at ratios to create the two diet 
treatments. The remainder of both diets was composed of vitamin (Custom Mix 
for Trout Diet, Dyet #390017 Dyets, Inc., Bethlehem, PA) and mineral mixes (see 
supplementary material, Table S1 and S2, for ingredients and proportions of 
mixes). The dry diet ingredients were delivered to each tank by adding water and 
delivering as a paste. Because guppies forage on benthic substrates, we did not 
add a binding agent to the dietary paste. This allowed it to sink and better mimic 
natural conditions. Water was added to the dry mixture to make a paste in the 
following ratios by weight: 1.5:1 for the invertebrate diet and 2:1 for the spinach 
diet. Observations during the experiment (based on feeding pecks per minute) 
showed that intake did not change depending on ecotype or experimental diet, 
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indicating that HP and LP guppies on both diets consumed were very likely to 
have had same caloric intake. The diets differed in their ratio of protein, lipids and 
carbohydrates (see table S3). Calculations of nutrient content were based on 
published values for Artemia (Mourente et al. 1995) and for dried spinach (Cech 
et al. 1982) 
 
Body Elemental Composition and Enzyme Assay Details: 
 One gut from an HP spinach tank intended for the enzyme analysis was 
excluded because it weighed less than half of all of the other guts, and so did not 
produce enough homogenate for all of the enzyme assays. Due to limited 
available egg tissue, egg samples from each female were only analyzed for 
percent P using the elemental analyzer. Previous lab studies indicated the C and N 
content of guppy eggs are not affected by food quality treatments (mean 
differences among treatment groups <0.6% of grand mean, p = 0.33 and p = 0.61 
for t-test of treatment effects on percent C and N respectively). The grand means 
of percent N and C from previous lab studies on guppies were used to estimate the 
total C and N of guppy eggs based on total egg dry mass. 
 
Results: 
Body Elemental Composition:  Percent of Nutrient and Elemental Stoichiometry 
Analysis 
We used information criteria based model selection to determine the 
factors that best explain the variance in these measures of body composition 
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(supplementary material, table S6-11). The best model for the percent of dry 
tissue composed of C and P included only a diet effect. Fish on the invertebrate 
diet averaged 5% more C per dry weight (48% vs. 43%) and 0.8% less P per dry 
weight (2.3% vs. 3.1%) than those on the spinach diet (C: df=14, t=5.89, p < 0.01, 
P: df=14, t=-5.42, p < 0.01). Body percent N content was marginally positively 
related to length (t=2.0, p = 0.06) and 1% lower on the invertebrate diet than on 
the spinach diet (t = -4.25, p < 0.01).  
Guppy tissue C:N was best predicted by diet. Invertebrate diet fish had a 
higher C:N than spinach diet fish (df=14, t=7.5, p = p < 0.01). Ecotype predicted 
an incremental 4% of variance in C:N and was a significant factor (t = -2.5, p = 
0.05). Whole fish C:P was best predicted by diet, as invertebrate diet fish had 
higher C:P (55.1 +/- SE 3.0) than spinach fish (36.5 +- SE 2.2; df = 14, t = 6.05, p 
= p < 0.01). Including ecotype in the model did not significantly improve the 
explanatory power of the model (df=1, χ2 =3.0, p = 0.08) but had a comparable 
support from AICc score comparison (ΔAICc = 0.6, wi ratio = 0.54). Whole fish 
N:P was best predicted by a model with only diet, as invertebrate diet fish had 
higher N:P (mean = 8.2 +/- SE = 0.3) than spinach fish (mean = 6.5 +/- SE = 0.3; 
df = 14, t = 4.3, p < 0.01).  
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Supplementary Tables: 
 
Supplemental Table 1: The following mineral mixture was added to the diet 
(mix was 10% of dietary mass). 
 
 
 
Supplemental Table 2: The following ingredients made up the vitamin mix, 
which was added to the diet (mix was 3% of dietary mass): Custom Vitamin Mix 
for Trout Diet, Dyet # 390017 
 
Ingredient g/kg
Vitamin D3 (400000 IU/g) 0.21
Ascorbic Acid 17.1
Inositol 16.7
Vitamin E (50%) 13.3
Niacin (98%) 10.2
Manadione 7.3
Calcium D-Panthothenate 7
Riboflavin (100%) 2
Vitamin B12 (0.1%) 3
Biotin 1.7
Pyridoxine HCl 1.65
Thiamin HCl 1.39
Folic Acid 0.67
Vitamin A Palmitate (500000 IU/g) 0.36
Choline Bitartrate 200
Dextrose 717.42  
 
 
  
Mineral Mixture % of Diet Mass
MgSO4 0.003194834
FeSO47H20 0.000532597
NaHCO3 0.009457851
ZnCO3 0.000159459
CuSO45H20 3.20623E-05
MnSO4H20 0.000372285
KIO3 1.07265E-05
CoCL26H20 2.20495E-06
Na2MoO42H20 1.50192E-05
alpha-cellulose 0.07753542
CaCO3 0.015205208
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Supplemental Table 3: Estimated dry weight (%) composition of experimental 
diets based on (Mourente et al. 1995) for Artemia and (Cech et al. 1982) for 
spinach 
 
Invertebrate Diet
Spinach 
Diet
Protein 45 24
Lipid 16 3
Carbohydrate 16 40
 
 
Supplemental Table 4: Effects of predation and diet on total enzyme activity 
when measured across the whole gut. 
 
NAG χ2 p 
 Predation*Diet 0.54 0.46 
 Diet 1.17 0.28 
 Predation 6.01 0.01* 
 BG     
 Predation*Diet 0.78 0.38 
 Diet 0.98 0.32 
 Predation 1.7984 0.18 
 AG     
 Predation*Diet 5.13 0.02* 
 Diet 5.21 0.07 
 Predation 5.20 0.07 
 PHOS     
 Predation*Diet 1.77 0.18 
 Diet 3.17 0.08 
 Predation 14.30 <0.01* 
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Supplemental Table 5: List of models for tank average percent of wet weight in dry matter (i.e., dry weight : wet weight ratio), 
associated corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Model Terms AICc ΔAICc Rel Likelihood wi 
 Diet -92.80 0.00 1.0 0.6 
SL + Diet -91.30 1.50 0.5 0.3 
SL + Diet + Pop -89.10 3.70 0.2 0.1 
SL + Diet + Pop + SL:Diet  -83.80 9.00 0.0 0.0 
SL -82.50 10.30 0.0 0.0 
~1 -81.00 11.80 0.0 0.0 
SL + Diet + Pop + SL:Diet + SL:Pop  -80.80 12.00 0.0 0.0 
SL + Diet + Pop + SL:Diet + SL:Pop + 
Diet:Pop -72.50 20.30 0.0 0.0 
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Supplemental Table 6: List of models for percent of dry matter in carbon for all tissues (top) and somatic tissues only (bottom), 
associated r2 and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc 
score.  
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.71 0.69 -76.2 0.0 1.000 0.457 
Diet + Pop 0.77 0.73 -76.0 0.2 0.883 0.403 
logSL + Diet 0.72 0.67 -72.9 3.4 0.186 0.085 
logSL + Diet + Pop 0.77 0.71 -71.7 4.6 0.102 0.047 
logSL + Diet + Pop + logSL:Diet 0.77 0.68 -66.3 9.9 0.007 0.003 
logSL + Pop 0.57 0.50 -66.2 10.0 0.007 0.003 
logSL 0.41 0.37 -64.8 11.4 0.003 0.002 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.78 0.68 -60.9 15.4 0.000 0.000 
Pop 0.05 -0.01 -57.2 19.0 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.82 0.69 -54.8 21.4 0.000 0.000 
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.65 0.63 79.2 0.0 1.000 0.691 
Diet + Pop 0.66 0.61 82.2 3.0 0.218 0.151 
logSL + Diet 0.66 0.61 82.5 3.3 0.190 0.131 
logSL + Diet + Pop 0.67 0.58 86.5 7.3 0.026 0.018 
logSL 0.37 0.32 88.7 9.6 0.008 0.006 
logSL + Pop 0.44 0.35 90.5 11.4 0.003 0.002 
logSL + Diet + Pop + logSL:Diet 0.67 0.55 91.7 12.5 0.002 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.72 0.58 95.8 16.7 0.000 0.000 
Pop 0.01 -0.06 95.8 16.7 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.73 0.55 104 24.6 0.000 0.000 
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Supplemental Table 7: List of models for percent of dry matter in nitrogen for all tissues (top) and somatic tissues only (bottom), 
associated r2 and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc 
score.  
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Diet 0.65 0.59 -134.1 0.0 1.000 0.497 
Diet 0.53 0.50 -133.3 0.8 0.677 0.336 
Diet + Pop 0.56 0.50 -130.8 3.3 0.189 0.094 
logSL + Diet + Pop 0.65 0.56 -129.8 4.3 0.118 0.059 
logSL + Diet + Pop + logSL:Diet 0.68 0.57 -126.2 7.9 0.020 0.010 
logSL 0.16 0.10 -123.8 10.3 0.006 0.003 
logSL + Pop 0.23 0.11 -121.7 12.4 0.002 0.001 
Pop 0.03 -0.04 -121.6 12.5 0.002 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.69 0.53 -119.7 14.4 0.001 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.69 0.48 -111.2 22.9 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Diet 0.62 0.57 15.9 0.0 1.000 0.500 
Diet 0.51 0.47 16.6 0.7 0.701 0.350 
Diet + Pop 0.52 0.45 19.6 3.7 0.154 0.077 
logSL + Diet + Pop 0.62 0.53 20.3 4.4 0.113 0.056 
logSL + Diet + Pop + logSL:Diet 0.66 0.54 23.8 8.0 0.019 0.009 
logSL 0.14 0.08 25.5 9.6 0.008 0.004 
Pop 0.02 -0.05 27.6 11.7 0.003 0.001 
logSL + Pop 0.19 0.07 28.1 12.2 0.002 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.67 0.50 30.4 14.5 0.001 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.67 0.45 38.7 22.8 0.000 0.000 
 
  
	  	  
174	  
Supplemental Table 8: List of models for percent of dry matter in phosphorus for all tissues (top) and somatic tissues only (bottom), 
associated r2 and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc 
score.  
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.68 0.65 -135.1 0.0 1.000 0.673 
Diet + Pop 0.69 0.65 -132.3 2.8 0.252 0.170 
logSL + Diet 0.68 0.63 -131.5 3.6 0.164 0.111 
logSL + Diet + Pop 0.70 0.63 -128.3 6.8 0.034 0.023 
logSL 0.46 0.42 -126.9 8.1 0.017 0.011 
logSL + Pop 0.55 0.48 -126.2 8.9 0.012 0.008 
logSL + Diet + Pop + logSL:Diet 0.73 0.64 -124.8 10.3 0.006 0.004 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.76 0.65 -120.2 14.9 0.001 0.000 
Pop 0.02 -0.05 -117.3 17.8 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.78 0.63 -112.3 22.8 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.58 0.55 -124.9 0.0 1.000 0.715 
Diet + Pop 0.58 0.52 -121.3 3.6 0.162 0.116 
logSL + Diet 0.58 0.52 -121.3 3.6 0.162 0.116 
logSL 0.38 0.33 -118.6 6.3 0.042 0.030 
logSL + Diet + Pop 0.58 0.48 -116.9 8.0 0.018 0.013 
logSL + Pop 0.40 0.31 -115.6 9.3 0.009 0.007 
logSL + Diet + Pop + logSL:Diet 0.60 0.46 -112.5 12.4 0.002 0.001 
Pop 0.00 -0.07 -111.0 13.9 0.001 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.67 0.50 -108.7 16.3 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.67 0.45 -100.2 24.7 0.000 0.000 
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Supplemental Table 9: List of models for molar C:N for all tissues (top) and somatic tissues only (bottom), associated r2 and 
adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet + Pop 0.85 0.83 11.9 0.0 1.000 0.440 
Diet 0.80 0.79 13.2 1.2 0.539 0.237 
logSL + Diet 0.84 0.82 13.4 1.5 0.475 0.209 
logSL + Diet + Pop 0.87 0.83 14.9 2.9 0.233 0.103 
logSL + Diet + Pop + logSL:Diet 0.87 0.83 19.5 7.6 0.023 0.010 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.88 0.82 25.5 13.5 0.001 0.001 
logSL + Pop 0.52 0.45 31.0 19.1 0.000 0.000 
logSL 0.37 0.33 31.6 19.7 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.89 0.82 31.7 19.8 0.000 0.000 
Pop 0.05 -0.02 38.3 26.3 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.77 0.76 17.9 0.0 1.000 0.470 
logSL + Diet 0.81 0.78 18.5 0.6 0.732 0.344 
Diet + Pop 0.79 0.76 20.3 2.5 0.293 0.137 
logSL + Diet + Pop 0.81 0.77 22.6 4.8 0.093 0.044 
logSL + Diet + Pop + logSL:Diet 0.82 0.76 27.1 9.2 0.010 0.005 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.84 0.77 31.8 13.9 0.001 0.000 
logSL 0.36 0.31 34.5 16.7 0.000 0.000 
logSL + Pop 0.43 0.34 36.2 18.3 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.85 0.76 39.3 21.4 0.000 0.000 
Pop 0.02 -0.05 41.3 23.4 0.000 0.000 
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Supplemental Table 10: List of models for molar C:P for all tissues (top) and somatic tissues only (bottom), associated r2 and 
adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.72 0.70 -38.0 0.0 1.000 0.495 
Diet + Pop 0.77 0.74 -37.4 0.6 0.735 0.364 
logSL + Diet 0.73 0.68 -34.5 3.5 0.176 0.087 
logSL + Diet + Pop 0.77 0.72 -33.1 4.9 0.087 0.043 
logSL + Diet + Pop + logSL:Diet 0.79 0.71 -28.8 9.2 0.010 0.005 
logSL + Pop 0.58 0.52 -27.7 10.3 0.006 0.003 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.84 0.76 -26.8 11.2 0.004 0.002 
logSL 0.43 0.39 -26.5 11.5 0.003 0.002 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.85 0.75 -19.1 18.9 0.000 0.000 
Pop 0.05 -0.02 -18.2 19.8 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.66 0.64 111.4 0.0 1.000 0.678 
Diet + Pop 0.68 0.63 114.2 2.8 0.241 0.163 
logSL + Diet 0.67 0.62 114.7 3.3 0.193 0.131 
logSL + Diet + Pop 0.68 0.60 118.5 7.1 0.028 0.019 
logSL 0.37 0.33 121.3 9.9 0.007 0.005 
logSL + Pop 0.45 0.36 122.8 11.4 0.003 0.002 
logSL + Diet + Pop + logSL:Diet 0.68 0.57 123.6 12.2 0.002 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.77 0.66 125.1 13.8 0.001 0.001 
Pop 0.02 -0.05 128.4 17.1 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.78 0.63 133.4 22.0 0.000 0.000 
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Supplemental Table 11: List of models for molar N:P for all tissues (top) and somatic tissues only (bottom), associated r2 and 
adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.57 0.54 -105.0 0.0 1.000 0.570 
Diet + Pop 0.60 0.54 -102.6 2.4 0.295 0.168 
logSL + Diet 0.58 0.51 -101.6 3.4 0.179 0.102 
logSL 0.43 0.39 -100.4 4.6 0.101 0.058 
logSL + Pop 0.54 0.47 -100.4 4.6 0.098 0.056 
logSL + Diet + Pop 0.63 0.53 -99.2 5.8 0.055 0.031 
logSL + Diet + Pop + logSL:Diet 0.69 0.58 -96.8 8.2 0.016 0.009 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.77 0.65 -94.9 10.2 0.006 0.004 
Pop 0.03 -0.04 -92.0 13.1 0.001 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.77 0.62 -86.6 18.4 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
Diet 0.50 0.46 44.3 0.0 1.000 0.653 
Diet + Pop 0.50 0.43 47.8 3.4 0.179 0.117 
logSL + Diet 0.50 0.42 48.0 3.6 0.164 0.107 
logSL 0.34 0.30 48.6 4.2 0.121 0.079 
logSL + Pop 0.39 0.30 51.0 6.6 0.037 0.024 
logSL + Diet + Pop 0.51 0.38 52.0 7.7 0.022 0.014 
Pop 0.01 -0.07 55.2 10.9 0.004 0.003 
logSL + Diet + Pop + logSL:Diet 0.55 0.38 56.0 11.7 0.003 0.002 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.67 0.50 57.8 13.4 0.001 0.001 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.67 0.45 66.3 21.9 0.000 0.000 
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Supplemental Table 12: List of models for total carbon content for all tissues (top) and somatic tissues only (bottom), associated r2 
and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score. 
  
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Diet 0.95 0.94 -24.6 0.0 1.000 0.879 
logSL + Diet + Pop 0.95 0.93 -20.4 4.2 0.121 0.106 
logSL + Diet + Pop + logSL:Diet 0.95 0.93 -15.1 9.5 0.009 0.008 
logSL 0.86 0.85 -13.5 11.1 0.004 0.003 
Diet 0.85 0.84 -12.0 12.6 0.002 0.002 
logSL + Pop 0.88 0.86 -11.5 13.1 0.001 0.001 
Diet + Pop 0.86 0.84 -9.6 15.0 0.001 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.95 0.92 -9.1 15.5 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.95 0.92 -1.9 22.7 0.000 0.000 
Pop 0.01 -0.06 18.0 42.6 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Diet 0.95 0.94 -28.0 0.0 1.000 0.884 
logSL + Diet + Pop 0.95 0.93 -23.6 4.4 0.113 0.100 
logSL + Diet + Pop + logSL:Diet 0.95 0.93 -18.5 9.5 0.009 0.008 
Diet 0.87 0.86 -17.0 11.0 0.004 0.004 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.96 0.94 -16.2 11.8 0.003 0.002 
Diet + Pop 0.88 0.86 -15.1 12.9 0.002 0.001 
logSL 0.85 0.83 -14.3 13.7 0.001 0.001 
logSL + Pop 0.86 0.83 -11.8 16.2 0.000 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.96 0.94 -9.3 18.7 0.000 0.000 
Pop 0.01 -0.06 15.3 43.3 0.000 0.000 
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Supplemental Table 13: List of models for total nitrogen content for all tissues (top) and somatic tissues only (bottom), associated r2 
and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL 0.95 0.94 -37.4 0.0 1.000 0.519 
logSL + Diet 0.95 0.95 -36.5 0.9 0.649 0.337 
logSL + Pop 0.95 0.94 -33.8 3.6 0.164 0.085 
logSL + Diet + Pop 0.96 0.95 -32.8 4.6 0.102 0.053 
logSL + Diet + Pop + logSL:Diet 0.96 0.94 -28.5 8.9 0.012 0.006 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.96 0.94 -22.6 14.8 0.001 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.96 0.94 -14.4 23.0 0.000 0.000 
Diet 0.71 0.69 -10.6 26.8 0.000 0.000 
Diet + Pop 0.77 0.73 -10.4 27.0 0.000 0.000 
Pop 0.06 -0.01 8.3 45.7 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL 0.95 0.94 -41.9 0.0 1.000 0.564 
logSL + Diet 0.95 0.95 -39.9 2.0 0.373 0.210 
logSL + Pop 0.95 0.94 -39.1 2.8 0.248 0.140 
logSL + Diet + Pop 0.96 0.95 -37.9 4.0 0.137 0.077 
logSL + Diet + Pop + logSL:Diet 0.96 0.95 -32.8 9.0 0.011 0.006 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.97 0.96 -31.1 10.8 0.005 0.003 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.97 0.95 -22.8 19.1 0.000 0.000 
Diet + Pop 0.77 0.73 -14.3 27.6 0.000 0.000 
Diet 0.69 0.67 -13.3 28.5 0.000 0.000 
Pop 0.08 0.01 4.1 46.0 0.000 0.000 
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Supplemental Table 14: List of models for total phosphorus content for all tissues (top) and somatic tissues only (bottom), associated 
r2 and adjusted r2, corrected AIC scores, ΔAICc, relative likelihoods and Aikeke Weights (wi). Models are sorted by AICc score.  
 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Pop 0.86 0.84 -32.3 0.0 1.000 0.646 
logSL + Diet + Pop 0.87 0.84 -29.0 3.3 0.193 0.125 
logSL 0.78 0.76 -28.4 3.8 0.146 0.094 
logSL + Diet 0.81 0.78 -27.5 4.8 0.091 0.059 
logSL + Diet + Pop + logSL:Diet 0.90 0.86 -27.2 5.1 0.079 0.051 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.92 0.89 -25.8 6.5 0.039 0.025 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.93 0.88 -17.4 14.9 0.001 0.000 
Diet + Pop 0.60 0.54 -15.6 16.7 0.000 0.000 
Diet 0.37 0.32 -11.7 20.6 0.000 0.000 
Pop 0.24 0.18 -8.8 23.5 0.000 0.000 
Terms r2 Adj. r2 AICc ΔAICc Rel Like. wi 
logSL + Pop 0.83 0.80 -30.2 0.0 1.000 0.555 
logSL + Diet + Pop 0.85 0.81 -27.8 2.4 0.294 0.163 
logSL + Diet + Pop + logSL:Diet 0.88 0.84 -26.6 3.6 0.164 0.091 
logSL + Diet 0.78 0.75 -26.6 3.7 0.160 0.089 
logSL 0.72 0.70 -26.5 3.7 0.156 0.087 
logSL + Diet + Pop + logSL:Diet + logSL:Pop 0.90 0.85 -22.9 7.3 0.026 0.014 
Diet + Pop 0.56 0.49 -15.4 14.8 0.001 0.000 
logSL + Diet + Pop + logSL:Diet + logSL:Pop + Pop:Diet 0.90 0.84 -14.8 15.4 0.000 0.000 
Diet 0.30 0.25 -11.6 18.6 0.000 0.000 
Pop 0.26 0.21 -10.7 19.5 0.000 0.000 
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Appendix C:  
 
Supporting Information for Chapter 3: Stream and population background drive 
Trinidadian guppy gut bacterial communities  
 
Supplementary Table 1: Bacteria shown to be close relatives of those found in 
guppy guys and the environment based on BLASTn hits. Only unique hits for 
each category (i.e. HP guppies, LP guppies and Environmental Samples) were 
included for the analysis. Hits labeled “BOTH_GUPPY” were matched with 
bacteria found in both LP and HP guppy guts. Category definitions for 
environmental types from which the matches were derived are as follows: 1--Fish 
gut, 2 -- Fish (non-gut), 3 -- Animal associated/feces, 4 -- Non-animal Eukaryote, 
5 -- Freshwater/terrestrial sediment/Groundwater/cave, 6 -- Saline sediment, 7 -- 
Saline water, 8 -- Estaurine water, 9 -- Freshwater water, 10 -- Miscellaneous 
environmental, 11 -- Unspecified 
     
  
   
Accession # Category Hit KES characterization Source
AM179931 1 BOTH_GUPPY Fish_gut rainbow trout intestinal mucus
DQ340193 1 BOTH_GUPPY Fish_gut gut of Mudsuckers collected at Toms Point
DQ340194 1 BOTH_GUPPY Fish_gut
hindgut of Mudsuckers collected at Walker Creek and 
dissected after starving overnight
HM780240 1 BOTH_GUPPY Fish_gut conventionally-raised adult zebrafish 
AB194658 1 HP Fish_gut intestinal tract of Takifugu niphobles
DQ814385 1 HP Fish_gut conventionally-raised adult zebrafish
DQ814988 1 HP Fish_gut conventionally-raised adult zebrafish
HM630215 1 HP Fish_gut intestinal tract
HM780464 1 HP Fish_gut conventionally-raised adult zebrafish
AB665782 1 LP Fish_gut intestinal contents of common carp
HG326498 1 LP Fish_gut Siganus canaliculatus 
HM778361 1 LP Fish_gut conventionally-raised adult zebrafish
JN032785 1 LP Fish_gut Ctenopharyngodon idellus (grass carp) intestinal tract
JN032787 1 LP Fish_gut Ctenopharyngodon idellus (grass carp) intestinal tract
JN032797 1 LP Fish_gut Ctenopharyngodon idellus (grass carp) intestinal tract
JN032798 1 LP Fish_gut intestinal tract grass carp
JN033135 1 LP Fish_gut Ctenopharyngodon idellus (grass carp) intestinal tract
KF483475 1 LP Fish_gut large yellow croaker (Pseudosciaena crocea) intestinal mucus
KF413417 2 BOTH_GUPPY Fish_other blood
KF413422 2 BOTH_GUPPY Fish_other liver
KF561994 2 BOTH_GUPPY Fish_other diseased Ctenopharyngodon idellus from fresh water
KF530770 3 BOTH_GUPPY Animal_associated/feces Achatina fulica crop contents
KF530773 3 BOTH_GUPPY Animal_associated/feces Achatina fulica crop contents
KF530777 3 BOTH_GUPPY Animal_associated/feces Achatina fulica crop contents
FJ390818 3 ENVIRON Animal_associated/feces Canada goose feces
KC993367 3 ENVIRON Animal_associated/feces shorebird feces
KC993398 3 ENVIRON Animal_associated/feces shorebird feces
AB630695 4 ENVIRON Non-animal_Euk aquatic moss pillars
KC683013 4 ENVIRON Non-animal_Euk periphyton
KC683037 4 ENVIRON Non-animal_Euk periphyton
KC683181 4 ENVIRON Non-animal_Euk periphyton
KC683214 4 ENVIRON Non-animal_Euk periphyton
KC683231 4 ENVIRON Non-animal_Euk periphyton
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Supplementary Table 1 (continued)   
 
  
Accession # Category Hit KES characterization Source
AY221047 5 ENVIRON Environment_cave sediments collected at Charon's Cascade near Echo River in 
October 2000"
HE653836 5 ENVIRON Environment_cave Magura cave
JN615762 5 ENVIRON Environment_cave pink microbial mat from lava cave wall
JN615848 5 ENVIRON Environment_cave tan microbial mat from lava tube wall
JN672135 5 ENVIRON Environment_cave yellow microbial mat from lava tube   wall
JN672316 5 ENVIRON Environment_cave yellow microbial mat from lava cave wall
JX767763 5 ENVIRON Environment_cave Golden Dome Cave (yellow)
JX767869 5 ENVIRON Environment_cave Golden Dome Cave (yellow)
JX771238 5 ENVIRON Environment_cave Golden Dome Cave (yellow)
JX817968 5 ENVIRON Environment_cave Golden Dome Cave (tan)
KC450359 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC734283 5 HP Terrestrial_sediment sediment
KF010865 5 HP Terrestrial_sediment soil sample
KC452126 5 LP Terrestrial_sediment Pinus patula rhizosphere soil
AB579938 5 ENVIRON Terrestrial_sediment vineyard soils
AB657009 5 ENVIRON Terrestrial_sediment rice paddy soil
AB659613 5 ENVIRON Terrestrial_sediment rice paddy soil
AB659614 5 ENVIRON Terrestrial_sediment rice paddy soil
EF605681 5 ENVIRON Terrestrial_sediment bulk soil from agriculturable field cropped with maize
EF664958 5 ENVIRON Terrestrial_sediment forest at the GASP KBS-LTER sampling
EU300116 5 ENVIRON Terrestrial_sediment 2000 restored grassland
FJ478733 5 ENVIRON Terrestrial_sediment undisturbed tall grass prairie, top 5 cm
FQ659299 5 ENVIRON Terrestrial_sediment PAH-contaminated soil
FQ660542 5 ENVIRON Terrestrial_sediment PAH-contaminated soil
HG327609 5 ENVIRON Terrestrial_sediment arable soil
HQ597821 5 ENVIRON Terrestrial_sediment grassland soil
HQ729819 5 ENVIRON Terrestrial_sediment grassland soil
JQ384504 5 ENVIRON Terrestrial_sediment FACE soil sample
JQ384735 5 ENVIRON Terrestrial_sediment FACE soil sample"
JQ386780 5 ENVIRON Terrestrial_sediment FACE soil sample
KC447994 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC449172 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC449356 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC449511 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC450211 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC450750 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KC452248 5 ENVIRON Terrestrial_sediment Pinus patula rhizosphere soil
KF550442 5 ENVIRON Terrestrial_sediment bulk soil
FN808189 6 BOTH_GUP Saline_sediment Baltic Sea sediment
JN912030 6 LP Saline_sediment Middle Valley hydrothermal vent sediment
JN912031 6 LP Saline_sediment Middle Valley hydrothermal vent sediment
FN807845 6 ENVIRON Saline_sediment Baltic Sea sediment
JN178438 6 ENVIRON Saline_sediment extreme saline-alkaline soil of the  former lake Texcoco
JN868128 7 ENVIRON Freshwater_sediment/Gro
undwater sediment of Lake Zixia
JF684418 7 LP Freshwater_sediment/Gro
undwater
enrichment culture OzDCA from  1,2-dichloroethane 
contaminated low pH groundwater
KC922873 7 ENVIRON Freshwater_sediment/Gro
undwater groundwater discharge zone sediment
HQ821511 7 ENVIRON marine_water coastal water
JX527073 7 ENVIRON marine_water
500m depth water samples filtered on 02 micron filter paper; 
derived from the Southern ocean     iron fertilization 
experiment (LOHAFEX)"
FJ869048 8 ENVIRON Estaurine_water Chesapeake Bay water at 2 m depth
	  	  
183	  
Supplementary Table 1 (continued) 
 
  
Accession # Category Hit KES characterization Source
GU763213 9 HP Freshwater_water drinking water (treatment 3)
JX086846 9 HP Freshwater_water drinking water biofilm
JX086862 9 HP Freshwater_water drinking water biofilm
GU640169 9 LP Freshwater_water river water
JF696777 9 LP Freshwater_water stream biofilm mesocosm 10X enrichment
KC358019 9 LP Freshwater_water large-discharge carbonate springs
KC711208 9 LP Freshwater_water mesothermal spring water column
KC712171 9 LP Freshwater_water mesothermal spring biofilm
AB698043 9 ENVIRON Freshwater_water Unpolluted group river
EU803346 9 ENVIRON Freshwater_water Lake Gatun
GQ389040 9 ENVIRON Freshwater_water
drinking water distribution system during serious red water 
outbreak
GU635774 9 ENVIRON Freshwater_water river water
HM129109 9 ENVIRON Freshwater_water Kelike Lake
JQ791923 9 ENVIRON Freshwater_water
biofilm formed during continuous supply of tap water with 
added protein
KC189789 9 ENVIRON Freshwater_water Wakulla Spring
KC712418 9 ENVIRON Freshwater_water mesothermal spring biofilm"
KF384422 9 ENVIRON Freshwater_water water reservoir
GU527886 10 LP Misc_environmental Guri wastewater (attached biomass (2))
GU530095 10 LP Misc_environmental Guri wastewater (attached biomass (2))
HQ498459 10 LP Misc_environmental municipal activated sludge wastewater treatment bioreactor
JN412386 10 LP Misc_environmental
substrates of biofilter units used in a tomato soilless culture 
in Brittany (St Pol de Leon)"
AB516000 10 ENVIRON Misc_environmental activated sludge
AF502215 10 ENVIRON Misc_environmental EBPR sludge, lab scale
AJ609017 10 ENVIRON Misc_environmental
lignite matter from the subsurface soil of a 20 year old Black 
pine forest
FR774633 10 ENVIRON Misc_environmental wastewater treatment plant
GQ500754 10 ENVIRON Misc_environmental
Bio-Sep beads containing 30% limestone,  one year in base 
level cave stream, Roaring River"
HE614839 10 ENVIRON Misc_environmental arsenic and gold mine
HQ114181 10 ENVIRON Misc_environmental biofilms in a full-scale vermifilter
HQ510625 10 ENVIRON Misc_environmental municipal activated sludge wastewater   treatment bioreactor
JN389731 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JN389755 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JN389762 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JN389763 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JN389773 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JN389776 10 ENVIRON Misc_environmental quartz sand column of a biofilter
JQ027097 10 ENVIRON Misc_environmental biological activated carbon
JQ123231 10 ENVIRON Misc_environmental anaerobic sludge digester
JQ180430 10 ENVIRON Misc_environmental activated sludge
KC327383 10 ENVIRON Misc_environmental MBR batch reactor PES membrane biofilm
GU993264 11 HP Unspecified Brevinema andersonii
AY215264 11 ENVIRON Unspecified Mycobacterium haemophilum
AY215265 11 ENVIRON Unspecified Mycobacterium haemophilum
HE862232 11 ENVIRON Unspecified Mycobacterium haemophilum DSM 44634"
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Supplementary Table 2: Effect of ecotype, river and their interaction on 
bacterial community composition based on an adonis model 
 
 
 
 
 
 
Supplementary Table 3: Groupings of samples according to enterotype partition. 
The “Dominant OTU” lists which OTU has the greatest proportion of reads in 
each library and the remaining 6 columns include OTUs that are highly prevalent 
in each enterotype and the proportion of each sample is made up of that particular 
OTU – graphically shown in Supplmentary Figure 4.   
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Supplementary Table 3 (continued): 
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Supplementary Table 4: Gut length differences between HP and LP fish from 4 
different streams 
 
 
 
 
 
 
Supplementary Figure 1: Taxonomic distribution of 454 pyrosequencing reads 
from 14 individuals of Trinidadian guppies included in the dietary manipulation 
experiment. Ecotype  and dietary treatment are listed on the x-axis. Bacteria are 
classified to order by color, and the phyla for each bacterium is indicated on the 
right of the legend.  
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Supplementary Figure 2: Heatmap of all OTUs with ≥ 100 reads. Blue colors 
indicate proportion of reads belong to that particular OTU in each sample. 
UPGMA clustering was based on rarified beta-diversity to 800 reads per sample. 
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Supplementary Figure 3: Core bacterial OTUs were identified for LP fish (14 
OTUs), HP fish (15 OTUs) and Environmental  (28 OTUs) samples when they 
occurred in more than 50% of the samples. Each OTU was then searched using 
BLASTn and its three closest hits were categorized into what type of environment 
they had been previously found, including freshwater (FW), saline, animal and 
fish habitats as well as miscellaneous (misc.) environmental habitats.   
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Supplementary Figure 4: Guppy enterotype group and their dominant OTUs. 
The y-axis displays the proportion of the dominant OTUs in each enterotype (1-
6), the phyla of that OTU and its lowest classification. The left panel shows the 
dominant OTUs for enterotypes 1-3 and the right panel shows the dominant OTUs 
for enterotypes 3-6. The x-axis shows the eneterotype partitions of the guppy 
samples corresponding to the classifications listed in Supplementary Table 3. 
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Supplementary Figure 5: Network analysis of all gut microbes derived from 
guppies and all environmental samples. The color of the square nodes indicates if 
the OTUs are found in only one sample or found in multiple samples and 
“shared.” The purple color indicates OTUs that are found in both gut and 
environmental samples.  
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Supplementary Figure 6: Rarefaction curves of observed species calculated by 
Qiime of bacterial communities of A) guppy guts colored by stream and separated 
by population background and B) environmental samples from the Guanapo 
River. The difference in y-axis of the two graphs, shows that environmental 
samples, particularly sediment samples, tend to have greater bacterial diversity 
than that found in guppy guts. 
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Supplementary Figure 7: Network analysis of samples collected in the 2011 
Guanapo field survey during which gut bacteria were compared to environmental 
samples. N= 3 for gut samples from the three different environments and N = 2 
for all environmental samples, except for HP water sample, for which N = 1.  The 
gut samples clearly separate from the environmental samples, and the gut samples 
from each site appear to be independent of the environmental bacteria from their 
site. 
 
 
 
  
denovo5720
denovo6822
denovo5403
denovo2239
denovo203
denovo3797
denovo6371
denovo6401
denovo3166
denovo3873
denovo4335
denovo703
denovo6048
denovo5699
denovo2173denovo593
denovo6558
denovo229
denovo1106
denovo7707denovo3539
denovo1428
denovo5806denovo7248
denovo1699
denovo2044
denovo4071
denovo3337
denovo2531
denovo3251
denovo3624
denovo1842
denovo616
denovo4798
denovo5703
denovo454 denovo6431 denovo7174
denovo1519
denovo4446denovo2670
denovo1213
denovo5686
denovo846
denovo4066
denovo4678
denovo1856
denovo2988 denovo7514
denovo7570
denovo4521 denovo2663
denovo3738
denovo688
denovo7584
denovo7529
denovo762
denovo4215
denovo7013denovo4209
denovo2141
denovo6115denovo6547
denovo218
denovo1900
denovo4807
denovo2690 denovo5505
denovo1140
denovo6923
denovo6835
denovo5402
denovo4317
denovo5667denovo1708
denovo2353
GuanH2OA6S02
denovo1579
denovo7313447
denovo434
denovo3719
denovo6842
denovo2519
denovo4911
denovo3274
denovo3301
denovo5930
denovo5461
denovo5626
denovo5880
denovo4406
denovo5084
denovo6798
denovo4804
denovo2458
denovo5070
denovo5924
denovo4157
denovo7651
denovo162
denovo2543
denovo1787
denovo7172
denovo6082
denovo5862
denovo6542
denovo2999
denovo444
denovo2686
denovo3777
denovo7037
denovo1222
denovo2760
denovo1192
denovo26
denovo1383
denovo4967
GuanH2OA4S02
denovo6355
denovo5033
denovo4664denovo2535
denovo2082
denovo7272
denovo7087
denovo7259
denovo4919
denovo5984
denovo6787
denovo3796
denovo3458
denovo5805
denovo3615
denovo4918
denovo6258
denovo4204
denovo1530
denovo3217denovo5630
denovo3689
denovo2495 denovo6467
denovo7038
denovo3923
denovo1903
denovo6854
denovo212
denovo2496 denovo2212
denovo4982
denovo844 v 3975
denovo5299
denovo1596
denovo4390denovo5037
denovo1958
denovo7472denovo6667
denovo2854
denovo2601
denovo7794denovo455
denovo2900
denovo5611
denovo5000denovo5929denovo4613 denovo3766
denovo5946denovo6452denovo7390
denovo2956
denovo5183
denovo570
denovo4339denovo2938
denovo6549
denovo4578
denovo5890
denovo4197
denovo2453
denovo1220
GuanSEDA6S02
denovo7655
denovo1329denovo2834
denovo2706
denovo160
denovo2986
denovo6598 denovo191
denovo3454
denovo5490
denovo3782
denovo404
denovo2963
denovo2399
denovo712
denovo1367denovo5006
denovo178
denovo900denovo7196 denovo2040
denovo7368
denovo4642
denovo7814 denovo1696 GuanSEDA6S01
denovo6212
denovo5339
denovo5835
denovo3724
denovo3381
denovo6966
denovo6953
denovo2605
denovo7788
denovo5654
denovo248
denovo2794
denovo5519
denovo609
denovo4111
denovo901
denovo803
denovo6373denovo3911
denovo7189denovo1914
denovo1942
denovo7683
denovo3617
denovo6895
denovo6600
denovo5845
denovo6999
denovo1811
denovo2919
denovo188
denovo1025denovo6475
denovo3603
denovo6889
denovo4778
denovo7858
denovo2714
denovo2307
denovo2370
denovo4995
denovo2465
den vo132
denovo2608
denovo714
denovo7393denovo641
denovo5420
denovo4147
denovo7071
denovo7216
denovo6860
denovo7019
denovo4645
denovo599denovo2249
denovo1327
denovo1760
denovo5059denovo5077
denovo691denovo4009
denovo7371denovo6162
denovo5797
denovo4136
denovo2482denovo974denovo2923
denovo7633
denovo2855
denovo4412
denovo5229
denovo7134
denovo1765
denovo3778
denovo4590
denovo1284
denovo1832
denovo4878
denovo185
denovo234
denovo1614
denovo1752
denovo4399
denovo7079
denovo3227
denovo1430
denovo5728
denovo5253
denovo6777
denovo5214
denovo5500
denovo824
denovo5069
denovo1269
denovo1173
denovo4377denovo4928
denovo4012
denovo5922
denovo4436
denovo7746
denovo5775
denovo4128
denovo6017
denovo3559denovo7207
denovo5945
GuanH2OA6S01
denovo5757
denovo867denovo7809
denovo4117
denovo6781
denovo3213
denovo7452
denovo233
denovo4495
denovo4447
denovo5919
denovo6660
denovo3299
denovo1287
denovo6176
v 4857
denovo3128
denovo7771
GuanGUPA4S03
denovo2011
denovo306
denovo1276
denovo4004
denovo5028
GuanGUPA4S07
GuanGUPA6S02
GuanGUPA2S06
denovo2023
GuanGUPA2S07
GuanGUPA4S06
GuanGUPA6S01
GuanGUPA2S10
GuanGUPA6S08
denovo1442
denovo4814
denovo2070
denovo2564
denovo4485
denovo5119denovo3596
denovo3765
denovo2267
denovo1698
denovo7336
denovo307
denovo2561
denovo7355
denovo5195
denovo829
denovo1859
denovo3373
denovo2392
denovo2346
denovo4516
denovo2873
denovo5246
denovo2460
denovo4319 denovo4029
denovo842
denovo7039
denovo6577
denovo31554279
denovo2952
denovo4015
denovo7195denovo7271
denovo4860
denovo7545
denovo4329
denovo4047
denovo4427
denovo480
denovo4059denovo4476
denovo1788
denovo5016denovo1352
denovo6319
denovo190
denovo121
denovo7356
denovo7093denovo6643
denovo828
denovo3653
denovo6593
denovo4614
denovo6659
denovo5385
denovo6414denovo7103
denovo3780denovo174denov 7433
denovo3354
denovo6783denovo7553
denovo7606
denovo5901
denovo6158
denovo7700
denovo5422
denovo5926
denovo1980denovo1461
denovo6035
denovo4206denovo3171
denovo5034
denovo3380
denovo4497
denovo3662
denovo5108
denovo2100
denovo4132
denovo3116
denovo6299
denovo2393
denovo7253
denovo1786denovo4646
denovo5915denovo3597
denovo6303
denovo5725
denovo3218denovo406
denovo1035
denovo6330
denovo3844
denovo5454
denovo2154
denovo7460
den vo 614
denovo6004
denovo3331
denovo3636
denovo5393
denovo6785
denovo1917
denovo2810
denovo3021
denovo1607
denovo3946
denovo1033
denovo4164
denovo5044
denovo7354
denovo6014
denovo797
denovo3620
denovo6350
denovo5675denovo3502
denovo291
denovo2209
denovo5818
denovo7323
denovo6074denovo5891denovo4893
denovo2530
denovo6086
denovo4141
denovo1452
denovo6588
denovo481
denovo1402
denovo6434
GuanH2OA4S01
denovo305
denovo3535
denovo4087
denovo4359
denovo4155
denovo4187
denovo7475
denovo5826
denovo6964
denovo7224
denovo76
denovo4701denovo4850
denovo1043denovo428
denovo3875denovo5483
denovo3646
denovo3867
denovo2436
denovo5621
denovo7120 denovo1837
denovo1467
denovo3205
GuanH2OA2S01
denovo2331
denovo6656
denovo1178
denovo2527
denov 4844
denovo343
denovo407
denovo1215
denovo5062
denovo766
denovo2445
denovo2593
denovo3370
denovo4837
denovo7733
denovo2378
denovo3958
denovo242
denovo3193denovo7078
denovo4576denov 213
denovo602
denovo2642
denovo2127
denovo1886
denovo7528
denovo3360
denovo6972
denovo908 denovo1761
denovo7500denovo1174
denovo1149
denovo1179
denovo738denovo4445
denovo855denovo1626denovo6257
denovo4222
denovo2626
denovo7522denovo5049
denovo4997denovo1500
denovo7601
denovo2504
denovo7230
denovo3061
denovo2541denovo4713
denovo2809
denovo4285
denovo699
denovo7581
denovo1803
denovo4043
denovo6855
denovo2233
denovo1643
denovo5286v 880denovo2615
denovo5064
denovo2515
denovo6908
denovo7300denovo6522 denovo942denovo1590
denovo2419
denovo2833
denovo2129
denovo6749
denovo5294
denovo7463
denovo6143
denovo204
denovo6843
denovo5696
denovo3043
denovo2272
denovo4507
2271
denovo3008
denovo3054denovo6856
denovo2242
denovo6308denovo366
denovo3335
denovo2020
denovo7723
denovo4475
denovo4510
denovo7022
denovo6243
denovo6216denovo7137
denovo4726
denovo5840denovo6307
denovo3954
denovo5858
denovo3487denovo2533
denovo5015
denovo4812
denovo3207
denovo3915
denovo5584
denovo802
denovo5967
denovo2949
denovo6920
denovo4258
denovo7292
denovo1102
denovo4959
denovo5149denovo 664
denovo3198
denovo6329
denovo6905
denovo2734
denovo3671
denovo550
denovo2791denovo4533
denovo3857
denovo6423
denovo3400
denovo2243denovo7557denovo2525denovo7386
denovo615
denovo1235denovo4284
denovo4070
denovo7363
denovo5475
denovo5623 denovo5781
denovo4460
denovo6249
denovo4356denovo469
denovo3834
denovo7821denovo1648
denovo1358
denovo1017
denovo7586
denovo7221
denovo6246
denovo6894denovo5780 denovo3201
denovo1815
denovo1171
denovo6331
denovo1951
denovo3569 GuanSEDA2S01
denovo3926denovo5063denovo971
denovo6852denovo4265
denovo6586
denovo104
denovo209
denovo1509
denovo837
denovo1948
denovo648denovo2825
denovo437denovo1691
denovo5102
denovo2691
denovo6381denovo79denovo5650denovo6263
denovo419
denovo7504
denovo2157
denovo3403
denovo4933
denovo91denovo3006
denovo3546denovo5842
denovo1401
denovo612
denovo2078
denovo5041
denovo283denovo7359
denovo5376
denovo3622
denovo2812
denovo319
denovo6959
denovo1435
denovo7416
denovo5399
denovo5715
denovo5604
denovo4299
denovo5074
denovo670
denovo2667
denovo7856
denovo3138
denovo4656
denovo1844
denovo7250
denovo4737
denovo1200
denovo3909
denovo5486
denovo1934
denovo1783
denovo2455
denovo284denovo2985
denovo6130
denovo3059
denovo7235
denovo240
denovo7121
denovo4267denovo141denovo7861
denovo3835
denovo740
denovo4937
denovo2467
denovo55
denovo4598
denovo5466
denovo2174
denovo5216
denovo1369
denovo6652
denovo1736
denovo1238
denovo3307
denovo6339
den vo1006
denovo2257denovo95
denovo2715
denovo2367denovo7055
denovo1201
denovo1494denovo3635
denovo410
denovo1016
denovo7527
denovo6298
denovo2925denov 5413
denovo2951denovo2602
denovo7265
denovo6138denovo6437
denovo2138
denovo4262
denovo6527
denovo4563
denovo6690
denovo3543
denovo80
denovo6230
denovo853
denovo7690
denovo440
denovo6260
denovo4987
denovo3283
denovo7801
denovo4700
denovo5279
denovo6224
denovo7392
denovo1827denovo2957
denovo5506
denovo1688
denovo1926
denovo3818
denovo2707
denovo4662denovo1719denovo7163
denovo5391
denovo3108denovo3895
denovo4150
denovo5382
denovo2368
denovo2777
denovo3936denovo3668
denovo6341 denovo2678
denovo4799
denovo1653
denovo2617
denovo1082
denovo2804
denovo6136
denovo1481
denovo6293
denovo3386
denovo60
denovo1635
denovo3775
denovo6963
denovo5110
denovo6541
denovo7478
denovo3817denovo3051
denovo5804
denovo5571
denovo175
denovo4104
denovo28denovo5081
denovo5410
denovo4251
denovo4077
denovo5613
denovo2167
denovo7301
denovo695
denovo6459
denovo6650denovo1874
denovo145denovo6864denovo3865
denovo7580
denovo7705denovo2433
denov 2828
denovo6757
denovo6828
denovo6289
denovo3586denovo5331
denovo1745
denovo3249
denovo4290
denovo19 9
denovo4493
denovo4091
denovo3553denovo899
denovo744
denovo34
denovo7387
denovo1301
denovo6697
denovo6150denovo5920
denovo1162
denovo6673
denovo611
denovo5444denovo4634
denovo5889
denovo1574denovo4931denovo2563
denovo7419
denovo3640
denovo5679
denovo5987
denovo5477
denovo5220
denovo6867
denovo6348
denovo5910
denovo7781
denovo4101
denovo4334
denovo7630
denovo6402
denovo5948
denovo2323denovo5782
denovo4424
denovo6686
denovo7047
denovo2771denovo2831
denovo7117
denovo7473denovo2185
denovo662
denovo1005
denovo125
denovo6409
denovo2300
denovo5688
denovo1639
denovo6893
denovo2824
GuanSEDA2S02
denovo4956 denovo66
denovo2179
GuanSEDA4S01
denovo4769
denovo2000
denovo5435
denovo5424
denovo3091
2360
denovo4843
denovo2449 denovo6631denovo2552
denovo7758
denovo322
denovo42743046
denovo6776 denovo3843
denovo5337denovo839
denovo424
denovo5219
denovo1424
denovo5914denovo5322denovo5823denovo2387
denovo3162
denovo2912
denovo3023 denovo7421
denovo7136
denovo7328
denovo2728denovo6924
denovo6188
denovo6910
denovo3459
denovo1030denovo3045
denovo516denovo4450
denovo3044
denovo2857
denovo3353denovo4121
denovo4315denovo4207
denovo2976
denovo3847
denovo5123
denovo3167
GuanSEDA4S02
denovo5092
denovo3039
denovo2933
denovo4766
denovo6462
denovo5852
denovo557
denovo148
denovo2321
denovo7817
denovo634
denovo1020
denov 1270
denovo2306
denovo1124
denovo1665
denovo356
denovo1967denovo195
denovo563
denovo1454
denovo5899
denovo6334
denovo5289
denovo2348
denovo2359denov 4195
denovo6266
denovo2526
denovo2749denov 2540
denovo2529
denovo7155
denovo7344
denovo1633
denovo2136denovo1981
denovo4051
denovo4542
denovo6817
denovo7338
denovo4847denovo7458
denovo805
denovo1165
denovo7051
denovo6969
denovo2421
denovo6723
denovo1392
denovo7459
denovo4199
denovo2258
denovo7168
denovo7406
denovo6393 denovo1325
denovo198
denovo380
denovo3532
denovo2898
denovo3609
denovo3894
denovo1453
denovo6863
denovo2330
denovo6773
denovo721denovo7041denovo1729
denovo6936
denovo2143
denovo3726
denovo2983
denovo7555
denovo2914
denovo1099
denovo5878
denovo5546
denovo4811
denovo3759
denovo5499
denovo2981
LP Gut Sample 
IP Gut Sample 
HP Gut Sample 
LP Sediment Sample 
IP Sediment Sample 
HP Sediment Sample 
LP Water Sample 
IP Water Sample 
HP Water Sample 
Sample Nodes: 
Gut Sample - OTU 
OTU Edges: 
Water Sample - OTU 
Sediment Sample - OTU 
Bacterial OTU 
	  	  
193	  
Supplementary Figure 8: Size standardized gut length comparison of guppies 
across four streams. Size standardizations to visualize the results and account for 
allometry (Torres & Vanni 2007) were made by calculating the size corrected gut 
characteristic (i.e. length or weight) = gut characteristic/standard length of 
fish^(slope of all individuals’ log gut characteristic/ log standard length). Color is 
associated with stream of origin. 
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Appendix D:  
 
Supporting Information for Chapter 4: The effect of top-predator presence and 
phenotype on aquatic microbial communities 
 
 
Table S1: Effect of fish on small and large bacterial count determined by flow 
cytometry as well as proportion of small bacteria 
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Table S2: Effect of food rearing condition genetic background and their 
interaction on bacterial communities  
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